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The Forkhead Box family
The founding member of the Forkhead box family of transcription factors is the forkhead 
transcription factor gene that was discovered in D. melanogaster (1). To date the forkhead 
family comprises over 100 family members with orthologues found in many different species 
ranging from yeast to humans (reviewed in kaufmann). The forkhead box family is divided 
into many subclasses (FoxA to FoxS) based on sequence similarity (2,3). The common 
feature in all family members is a 110 amino acid DNA binding domain, that folds as a helix-
loop-helix motif that exists of three α helices and two characteristic large loops (4-6). The 
third helix (H3) of the forkhead box domain is necessary for the interaction with DNA. H3 
recognises sequences in the major groove of the double stranded DNA helix (4) and residues 
in the two loop regions present in the carboxy-terminal forkhead domain interact with the 
DNA-binding element providing binding site selectivity for the many forkhead proteins (4,7). 
Other regions in the forkhead proteins, such as the transactivation and repression domains, 
are highly divergent. The most aberrant subclass of the Fox superfamily is the Forkhead box 
Other or FOXO family. Besides the forkhead box this family contains a unique five amino 
acid sequence (GDSNS) insertion preceding the helix H3 that stimulates sequence specific 
interaction with DNA binding sites. Besides binding DNA directly, FOXO can interact with 
several cofactors thereby controlling a large number of signalling pathways. The FOXO 
family consists of four family members; FOXO1 (previously known as FKHR) (8), FOXO3a 
(previously known as FKRL1) (9,10), FOXO4 (previously known as AFX) (11-13) and 
FOXO6 (14). Three FOXO family members (FOXO1, 3a and 4) are largely ubiquitously 
expressed but several distinct types of tissue display differential preference. FOXO1 is 
found to be highly expressed in adipose tissue, FOXO3a is mostly expressed in brain, heart, 
kidney and spleen, FOXO4 expression is found to be high in skeletal muscle and FOXO6 
has been observed predominantly in the developing and adult brain (15). FOXO contains a 
nuclear localisation sequence (NLS) and a nuclear exclusion sequence (NES) allowing the 
protein to shuttle between the nucleus and cytoplasm (16,17). The N-terminal domain of 
FOXO contains the DNA-binding domain while the transactivation domain is located at the 
C-terminus. By binding to the DNA FOXO can both activate and repress gene transcription 
(18) depending on promoter context and extracellular conditions. In addition to the FOXO 
recognition element (FRE), containing the sequence (G/C)(T/A)AA(C/T)AA (15,16,19), 
many additional potential regulatory sites on FOXO target genes have been identified (20). 

FOXO regulation by the insulin pathway
As FOXO acts as a pivot in many regulatory pathways it seems obvious that FOXO is subject 
to multiple levels of regulation. One of the best described evolutionary conserved regulatory 
pathways for FOXO is the insulin/PI3K/PKB/SGK pathway. When insulin binds to the 
insulin receptor, phosphoinositide-3 kinase (PI3K) is activated and this results in production 
of phosphatidylinositol-(3,4,5)-trisphosphate (21) which causes co-localisation of protein 
kinase B (PKB) and the phosphoinositide-dependent kinase PDK1 to the plasma membrane 
(22,23). PDK1 phosphorylates PKB at threonine 308 which is necessary for PKB to become 
active (24,25). Phosphorylation of serine 473 is necessary to gain kinase activity towards 
substrates (26,27). By analogy the kinase responsible for Ser473 phosphorylation was coined 
PDK2 and several PDK2 candidates have been suggested including PKB itself. At present 
mTORC2 seems to be the most likely candidate, downstream of growth factor receptors, to 
phosphorylate Ser473 of PKB. However in mTORC2 deficient cells (28) PKB can still be 
phosphorylated under conditions of robust membrane recruitment. These findings suggest 
additional mechanisms such as other kinases (29) or autophosphorylation (30) to be involved 
in phosphorylation of PKB. PI3K-mediated phosphorylation on PKB can be reversed by the 
tumour suppressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN) 
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Figure 1. Regulation of FOXO transcription factors by post translational modifications.
A. Modifications on FOXO after stimulation with growth factors. PKB and SGK phosphorylate all FOXOs at con-
served residues and these serve as priming sites for sequential phosphorylation by CK1 and DYRK/NLK. Upon 
phosphorylation FOXO is translocated out of the nucleus, poly-ubiquitinated by SKP2 and degraded. 
B. Modifications on FOXO after ROS.  Increase in ROS levels induce a change in PTMs. JNK can phosphorylate 
FOXO4 at four specific sites, whether these sites are conserved in the other family members is currently unknown. 
When present at low levels MDM2 mono-ubiquitinates and thereby activates FOXO. Acetylation results in a shift 
in target gene expression which can be reversed by SIRT.

Insulin/growth factor signalling

ROS signalling

FOXO1

FOXO3

FOXO4

T24

T28

T28

S256

S253

S193 S258

S319

S315

S322,325 S329

S370S268S261 S263

?

?

?

Ub

P PP PPP

Ub

Ub

Ub P

DBD NLSN ES TDDBD NLS NES TD

PKB/
SGK

SKP2

CK1

DYRK/
 NLK 

?

FOXO3 S207

FOXO4

FOXO1

T451T447

S212

S223 S226

K245 K248 K262

K242 K259 K271 K290 K569

K182 K185 K199 K211 K403

PPAc AcAcAcAc

DBD NLSN ES TDDBD NLS NES TD

PPP

UbUb

JNK/
NLK

CBP/
P300MST1

MDM2

JNK

      General introduction

  11



(31). PTEN is a dual lipid protein phosphatase that primarily dephosphorylates the lipid 
phosphatidylinositol-3,4,5-triphosphate (PIP3) which is a product of PI3K (31). Inactivation 
of PTEN, as well as  activation of PI3K, results in accumulation of PIP3 which triggers 
the activation of downstream effectors such as PDK1, PKB and Rac1/cdc42. Mutations 
or deletions in PTEN  inactivate the phosphatase thereby constitutively activating PKB. 
Activated PKB phosphorylates FOXO at three conserved residues threonine 28, serine 193 
and serine 258 (FOXO4 numbering) (32). When phosphorylated at these three residues 
FOXO interacts with 14-3-3 protein which accompanies localisation of FOXO to the 
cytoplasm. This relocalisation is  pressumably mediated through a conformational change 
caused by binding of 14-3-3 to FOXO thereby exposing the nuclear export signal (NES) and 
masking the nuclear localisation signal (NLS) (17,33,34). Serum- and glucocorticoid induced 
kinase (SGK) is a kinase that shows structural similarity to PKB. The kinase domains of 
PKB and SGK not only show up to 55% identity, they also contain conserved residues for 
PI3K mediated activation (35). However SGK does not harbour a pleckstrin homology (PH) 
domain like PKB. PH domains are able to bind to 3’ phosphorylated phosphoinositides and 
are responsible for PKB recruitment to the plasma membrane after PI3K activation (36). 
Similar to PKB, SGK is phosphorylated on two sites in the T loop after which the protein 
adopts an active conformation and translocates directly to the nucleus (35-37). In vivo PKB 
and SGK display a preference for more or less specific phospho-acceptor residues. In case of 
FOXO4, PKB has been shown to display a strong preference for T28 and S193, while SGK 
preferentially phosphorylates S258 (38).
The PI3K/PKB/FOXO pathway is evolutionary conserved throughout many species among 
which the nematode C. elegans. In C. elegans Akt-1, Akt-2 and SGK form a complex to fully 
phosphorylate and inactivate DAF16 (FOXO orthologue in C. elegans). Although Akt-1/-2 
and SGK are found in one complex they do antagonise different DAF-16 regulated processes 
(39). DAF-16 dependent dauer arrest can be opposed by phosphorylation through Akt-1/-2 
while lifespan regulation and stress response are regulated by SGK (hertweck). Whether 
PKB and SGK play a similar role in FOXO regulation in mammalian, cells is not clear. 
Additionally, FOXO translocation to the cytoplasm is mediated via Casein Kinase 1. FOXO 
is phosphorylated at serine 263 and serine 265 (FOXO4 numbering) by CK1 which results in 
enhanced interaction with nuclear export molecules such as CRM1, Ran and exportin (34). 
Once transported to the cytoplasm FOXO can be poly-ubiquitinated by the E3-ligase SKP2 
resulting in proteasomal degradation (40). 

FOXO regulation by the ROS pathway
An increased cellular level of reactive oxygen species (ROS) and nutrient deprivation are 
conditions known to oppose export of FOXO from the nucleus. Reactive oxygen species 
have long been considered unwanted by-products of signalling and metabolic events where 
O2 is converted to H2O. Currently it is reckoned that several different sources of ROS 
production exist in the cell of which the respiratory burst in phagocytic macrophages is one 
of the best described. Production of ROS levels far below those in the phagocytes are found 
throughout the cell. In mitochondria for instance oxidative phosphorylation, to efficiently 
generate ATP, leads to the inevitable formation of ROS. Besides formation of ROS by the 
many reduction-oxidation reactions in the cell it has become evident that generation of ROS 
can  also be mediated via growth factors such as TNFα, IL-1, PDGF and EGF (see for review 
(41). Like growth factors treatment of cells with  inflammatory cytokines ionising radiation 
and chemotherapeutics will result in production of ROS and this will lead to increased levels 
of hydrogen peroxide. Hydrogen peroxide itself is not very reactive towards DNA or other 
cellular constituents. However due to the so called Fenton reaction transition metals, such as 
copper and zinc, donate or accept free electrons during intracellular reactions and use H2O2 to 
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catalyse free radical formation (42). In normal cell signalling pathways hydrogen peroxide is 
necessary as an important second messenger. Protein activity of protein tyrosine phosphatases, 
protein tyrosine kinases, receptor tyrosine kinases and transcription factors can be regulated 
via reversible oxidation of cysteine residues (43-46). Hydrogen peroxide remains stable for 
sufficient time to diffuse through cellular membranes to play a role in cysteine oxidation-based 
signalling. In the cell hydrogen peroxide can reach levels up to the micromolar range (47). 
At relatively high levels hydrogen peroxide can act as an insulin mimetic (48) by inducing 
autophosphorylation of the insulin receptor thereby preventing the binding of inhibitory 
ADP due to oxidation of cysteines in the kinase domain (49). Enhanced signalling via the 
insulin cascade is not only due to cysteine oxidation of the insulin receptor as inhibition 
of phosphatase activity takes place as well. Thus ROS regulate signalling pathways from 
different angles at the same time, making it difficult to distinguish which of these is the most 
important with respect to the process. The insulin signalling pathway is not only regulated 
by exogenous ROS, but stimulation of insulin signalling also results in localised hydrogen 
peroxide production. By regulating glucose availability insulin enhances the mitochondrial 
oxidative capacity and production of ATP. Furthermore, the NAD(P)H homologue NOX4 
links the insulin receptor to generation of ROS that increases insulin signalling mainly via 
the inhibition of  protein tyrosine phosphatases (50). Besides tyrosines other amino acids can 

[ROS]

Proliferation

Temporary 
cell cycle arrest
Repair

Permanent 
cell cycle arrest Apoptosis Necrosis

FOXO

Figure 2. Cellular response to ROS levels
Upon increased ROS signalling different pathways in the cell are being activated. At low levels ROS, induced by 
growth factor signalling or increased metabolism, acts as a second messenger necessary for proliferation. When 
ROS levels raise proteins like FOXO can induce a temporary cell cycle arrest allowing the cell to scavenge excessive 
ROS by increased transcription of genes such as MnSOD and catalase. Permanent cell cycle arrest can be the result 
of chronic ROS signalling for instance due to telomere shortening. When ROS levels rise even more or remain high 
for a long time cell can be triggered to go into apoptosis. When ROS levels are too high and damage is so severe that 
apoptosis cannot be triggered cells will die of necrosis.
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be oxidated as well and for example this is necessary for activation of  c-src tyrosine kinase 
activity (51).  Another example is insulin signalling through the SHC (Src homology 2 domain 
containing transforming protein) protein family - that exists of the three members p46, p52 
and p66SHC - which becomes phosphorylated at tyrosine residues. When phosphorylated at 
tyrosines, p46 and p52 induce MAPK/ERK activation while p66SHC oxidises cytochrome 
C thereby functioning as a redox enzyme (reviewed by Szypowska et al.). The free radical 
theory of aging  hypothesises that in general aging occurs through the accumulation of 
oxidative damage to lipids, proteins, genomic and mitochondrial DNA (52). In C. elegans 
the role of ROS on longevity has been extensively studied. Loss or mutation of AGE-1 (PI3K 
homologue) of DAF2 (insulin receptor homologue) results in activation of DAF-16 (FOXO 
homologue) and lifespan extension whilst loss of DAF-16 function results in a decreased 
lifespan (53,54). To function properly in dauer arrest, lifespan extension and oxidative stress 
resistance FOXO4 needs to interact with BAR-1 (b-catenin homologue) (55). Furthermore, 
in mammalian cells loss of FOXO results in decreased stress resistance. Intracellular ROS 
production can be stimulated through the small GTPase Ral. Active Ras has been found to 
interact with the guanidine exchange factor Rlf (56) that activates the small GTPase Ral and 
this is necessary and sufficient for stimulating ROS production (57). In this thesis we identify 
Ral not only to be important for FOXO4 activation but also to be necessary for induction of 
its interaction with b-catenin. Activation of Ral leads to phosphorylation and activation of 
JNK and this ultimately results in the phosphorylation and activation of FOXO4. In short the 
MAP3 kinase MLK3 was identified as a novel effector of Ral. Activation of Ral by increased 
levels of oxidative stress results in the assembly of  a complex containing the scaffold protein 
JIP1, MLK3, MKK4 and JNK. Once formed this complex is involved in the phosphorylation 
and activation of FOXO4 through JNK (van den Berg, submitted). Acute activation of JNK is 
mediated via the Ral/Jip1/JNK complex (van den Berg, submitted) while sustained activation 
of JNK is mediated through cysteine oxidation mediated dimerisation of the apoptosis 
signal-regulating kinase 1 (ASK1) (58,59). JNK can phosphorylate FOXO4 at four different 
residues threonines 447 and 451 (60) and serines 223 and 226 (61,62). Phosphorylation at 
these sites correlates with FOXO4 translocation to the nucleus, where FOXO can activate 
target genes involved in amongst others clearance of ROS or apoptosis, dependent on the 
amount of ROS sensed by the cell. JNK mediated FOXO phosphorylation induces stress 
resistance in model organisms such as C. elegans and Drosophila. In C. elegans increased 
lifespan is directly regulated via DAF-16 phosphorylation through JNK (63). In Drosophila 
JNK represses cell cycle progression via dFOXO, the drosophila FOXO orthologue, through 
activation of a CKI orthologue (64). These data confirm that JNK induced phosphorylation 
of FOXO resulting in induction of stress resistance and longevity is evolutionary conserved. 
Other PTMs that occur on FOXO upon ROS signalling are ubiquitination and acetylation. 
Increased ROS results in mono-ubiquitination of FOXO which reflects a fundamental 
different outcome compared to the growth factor dependent poly-ubiquitination. FOXO can 
be mono-ubiquitinated at multiple residues and this results in activation and translocation 
to the nucleus (65). The deubiquitinating enzyme HAUSP removes the ubiquitin moieties 
from FOXO thereby repressing FOXO transcriptional activity. Acetylation of FOXO is 
mediated by the acyltransferases p300 and CBP. Lysine 199 and lysine 211 of FOXO can be 
both ubiquitinated and acetylated however it remains to be determined whether these PTMs 
are mutually exclusive (66). Ubiquitination and acetylation may even occur sequentially as 
ubiquitination of FOXO in response to ROS is already observed within 5 minutes (65), while 
the acetylation follows slower kinetics as it can only be visualised after 60 minutes after ROS 
treatment. Whether these PTMs occur on the same sites is currently unknown (67). The effect 
of acetylation on FOXO activity is ambiguous as both activation and inhibition of target gene 
expression has been reported (67-69). However these data can be explained by assuming a
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Figure 3. FOXO function
FOXO can be activated through dietary restriction and in response to oxidative stress. Upon restrained dietary 
restriction FOXO activates the autophagy pathway by inhibiting mTOR and activation of ATG. Insulin signalling 
can prevent autophagy by activating the MTOR pathway and inhibition of FOXO activation. Once activated by 
oxidative stress FOXO regulates a plethora of downstream target genes. Through activation of MnSOD and catalase 
ROS are converted into H2O and O2. Cell cycle arrest and DNA damage repair can be modulated through p27 and 
cyclin D1 as well as through GADD45 and CDC2. When ROS levels cause irreparable damage to the cell  FOXO 
can activate apoptosis pathways via the FASL mediated death receptor-dependent pathway or via a cytochrome c 
release mechanism dependent on intracellular mitochondria.
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genome wide shift in target gene activation upon acetylation (70). FOXO can be deacetylated 
by the evolutionary conserved deacetylase SIRT1 (67,71). By deacetylating FOXO SIRT1 
enhances the response towards ROS scavenging and cell cycle arrest (67). In C. elegans 
deacetylation by the SIRT1 orthologue Sir2 upon ROS signalling results in a DAF-16 
dependent increase in lifespan (72) due to an increase in MnSOD levels and repression of  
proliferation (73). 

FOXO function                                                                                                                                                                                                                                   
Being a transcription factor, FOXO can regulate expression of many genes involved in a 
variety of cellular processes. The outcome of FOXO activation depends not only on the type, 
duration and strength of stimulus achieved but also on its interaction with other proteins. 
FOXO has been implied in regulation of cell cycle progression, cell metabolism, DNA repair, 
stress resistance and cell death. FOXOs can induce a G1 arrest via increased transcription 
of p27kip1 levels (74) and downregulation of cyclin D1 and cyclin D2 levels (75). Molecular 
studies revealed important details about the regulation of glucose metabolism in C. elegans. 
A decrease in DAF-2 results in lifespan extension, increased fat storage and arrest in dauer 
diapause. Mutating DAF-16 suppresses the phenotypes caused by low DAF-2 expression 
pointing towards DAF-16 as the major downstream effector of DAF-2. Activation of DAF-
16 in the intestine of C. elegans, which corresponds to the adipose tissue of the animal, is 
sufficient to induce lifespan extension (76). In D. melanogaster overexpression of dFOXO in 
the adult fat body, which resembles the liver and adipose tissue, results in longevity, overall 
insulin sensitivity and an increase in lipid metabolism (77,78). Upon caloric restriction PI3K/
PKB signalling is halted, FOXO activity is increased and FOXO translocates to the nucleus 
(42). Caloric restriction shifts the metabolism of the cell from glucose- to fatty acid metabolism 
via FOXO mediated expression of proteins involved in these processes. Inadequate nutrient 
supply for prolonged time results in autophagy where cells cannibalise internal organelles to 
re-use their components. Autophagy can be regulated through FOXO via increased expression 
of genes involved in autophagy but also via interaction with autophagy related proteins. 
For instance, FOXOs can interact with atg7, an autophagy regulating protein that belongs 
to the autophagy-related gene product (ATG) comprising over 30 related proteins, thereby 
inducing autophagy. The protein atg7 shows homology to ATP-binding and catalytic sites of 
E1 ubiquitin activating enzymes. Furthermore atg7 is required for the fusion of peroxisomal 
and vacuolar membranes during autophagosome formation. Dysregulation of FOXO or ATG 
provokes problems in myocyte function, homeostasis and cell survival. Disturbed re-use of 
internal organelles leads to accumulation of obsolete components and is regarded as one of 
the leading causes in the biology of aging. Consistent with this, mitochondrial generation of 
oxidative stress increases with age. Thus evidence is accumulating that ROS and autophagy 
are tightly linked processes in aging. Autophagy can be inhibited through activation of the 
mTOR complex which results in phosphorylation and consequent inhibition of ATG proteins 
(reviewed in (79)). Active PKB promotes protein synthesis via mTOR while suppressing 
FOXO activity. To increase the complexity of the system, FOXO has been found to negatively 
regulate the mTOR complex in various organisms. In C. elegans for example, DAF16 has 
been found to reduce expression of DAF-15 (Raptor homologue) (80). Concordantly, in 
skeletal muscle cells FOXO1 has been found to downregulate mTOR, Raptor and other 
components of the mTOR complex (81,82). The exact mechanism of interplay however 
needs further research.
In addition to cell cycle and metabolism regulation FOXOs are also involved in protection 
against oxidative stress. In C. elegans oxidative stress leads to FOXO controlled dauer 
formation (83). In mammalian cells oxidative stress triggers FOXO to increase transcription 
of genes involved in clearance of ROS and repair of DNA damage. Examples of genes 
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involved in ROS clearance are manganese superoxide dismutase (MnSOD) and catalase of 
which the first converts O2•- into hydrogen peroxide and the second converts H2O2 into 
H2O and O2 (84,85). DNA damage can be repaired by GADD45 that also controls transition 
of the G2 to M phase by inhibiting CDC2 (86). FOXO mediated apoptosis or programmed 
cell death can be regulated via different pathways. First, FOXO is involved in regulation 
of cell cycle survival via modulation of expression of death receptor ligands that have an 
important role in autocrine and paracrine pathways. FOXO can increase expression of FASL 
(87) and tumour necrosis factor (TNF) related apoptosis inducing ligand (TRAIL) (88). Both 
ligands are involved in activation of caspase 8 and subsequently caspase 3 which results 
in induction of apoptosis. Second, induction of mitochondrial leakage of cytochrome c in 
cells results in formation of the apoptosome, a complex between Apaf1 and caspase 9 that 
promotes apoptosis. Mitochondrial outer membrane integrity is regulated by the proteins 
BAD and BAX that are under tight control of the anti-apoptotic proteins BclXL, Bcl2 and the 
pro-apoptotic regulator Bcl2-like protein Bim. FOXO has been shown to bind and activate 
the transcriptional repressor Bcl6 (89) which results in downregulation of BclXL thereby 
provoking Cytochrome c release from the mitochondria. Thus FOXO can induce apoptosis 
via the death receptor-dependent pathway or via a mechanism dependent on intracellular 
mitochondria. The above described roles of FOXO are mainly induced via direct binding to 
promoter sequences resulting in changes in gene expression. Moreover, FOXO transcription 
factors can also modulate gene expression through direct interaction with other proteins such 
as transcription factors or cofactors (90,91). Binding partners of FOXO can either modulate 
FOXO activity positively or negatively. The androgen receptor (AR) is an example of a 
FOXO binding partner that negatively regulates its activity. Upon androgen stimulation 
FOXO binds to the AR that prevents FOXO to interact with DNA and subsequently cell 
survival is stimulated (92). b-catenin is an interactor that enhances FOXO activity (55). In 
C. elegans, BAR-1 (b-catenin homologue) was found to interact with DAF-16 in a POP-1 
(TCF orthologue) independent manner. Even more important, in absence of b-catenin FOXO 
could not induce dauer arrest and lifespan extension demonstrating the importance of the 
interaction (55). In mammalian cells ROS have been shown to play an important role in 
mediating the interaction between FOXO and b-catenin (55,93,94). The work described in 
this thesis focuses on the role of b-catenin in FOXO4 signalling following ROS.  However, 
the paradigm for b-catenin involvement in transcriptional regulation is provided by its 
interaction with TCF. We try to understand how b-catenin is diverted from interacting with 
TCF towards binding to FOXO4 thereby changing the transcriptional program. 

Regulation of b-catenin stability by the canonical Wnt pathway
b-catenin belongs to the family of armadillo proteins that are characterised by a central 
domain consisting of a repeating 42 amino acid motif called the armadillo (arm) repeat which 
was originally identified in the drosophila b-catenin orthologue armadillo (95). The structure 
of b-catenin consists of an NH2-terminal domain, a central region that contains twelve 
armadillo repeats that form a long positively charged groove (96) and a COOH-terminal 
region. The NH2-terminal domain contains the phosphorylation sites for GSK3b and other 
tyrosine kinases (96). Many proteins like cadherins (97,98), APC (97,99) and the TCF family 
of transcription factors (100,101) interact with the positively charged groove of the armadillo 
repeats. The COOH-terminal region functions as a transactivator domain that is required for 
activation of genes downstream of the TCF/b-catenin complex (102). b-catenin stability is 
regulated via the b-catenin degradation complex. This multi-protein complex consists of the 
scaffold protein Axin that interacts with GSK3, CK1α and APC. Sequential phosphorylation 
of b-catenin at threonine 41 by CK1α and serine 37 and serine 33 by GSK3 (103) creates 
a recognition site for the E3 ubiquitin ligase bTrCP. Ubiquitination primes b-catenin for 
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recognition by the proteasomal degradation complex which ultimately results in breakdown 
of the protein. Besides being involved in phosphorylation of b-catenin both GSK3 and 
CK1 can phosphorylate APC and Axin thereby enhancing their affinity for b-catenin which 
results in increased b-catenin degradation (103,104). Breakdown of  b-catenin can be halted 
by activation of the Wnt signalling pathway. The canonical Wnt pathway is one of the 
fundamental mechanisms that regulate proliferation and differentiation in the cell. The Wnt 
signalling pathway is involved in both embryonic development and tissue homeostasis in adult 
tissue (105). Wnts are secreted extracellular glycolipoproteins that interact with two distinct 

Figure 4. Wnt b-catenin pathway.
Free b-catenin in the cytoplasm is recognised by the b-catenin-destruction complex consisting of APC, Axin, CK1, 
GSK3 and b-TrCP. The destruction complex phosphorylates and ubiquitinates b-catenin and this results in prote-
osomal breakdown. In the nucleus TCF is phosphorylated by NLK and HBP1 and recruits co-repressors such as 
Groucho to prevent transcription of target genes. Wnt interacts with the LRP5/6 receptor that forms a complex with 
Fz and dishevelled is recruited. Dishevelled prevents formation of the destruction complex. b-catenin stabilises and 
translocates to the nucleus where it competes Grouch from TCF and induces transcription of downstream target 
genes.
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families of receptors which are the Frizzled (Fz) seven-pass transmembrane receptors (105) 
and the low-density lipoprotein receptor-related protein 5 and -6 (LRP5/6) receptors (106). 
Interaction of Wnt with its receptors results in formation of a Fz-LRP5/6 complex (106) 
containing phosphorylated PPPSPxS motifs that serve as docking sites for the Axin complex 
(107-110). Upon binding of Axin to the Fz/LRP5/6 complex the cytoplasmic scaffold protein 
dishevelled is recruited. By interacting dishevelled prevents axin from binding to APC and 
GSK3b (111-115). Degradation of b-catenin can also be counteracted via the activity of the 
protein phosphatases PP1 and PP2A. By dephosphorylation of Axin PP1 orchestrates the 
disassembly of the degradation complex (116). PP2A is involved in the dephosphorylation of  
b-catenin thereby making it unrecognisable for the E3 ligase resulting in increased b-catenin 
levels (117). Once the destruction complex is disassembled b-catenin levels in the cytoplasm 
increase and b-catenin translocates to the nucleus. The exact mechanism of b-catenin nuclear/
cytoplasmic shuttling and retention is not fully understood. Although it has been suggested 
that  b-catenin can interact directly with the nuclear pore complex to enter the nucleus (118), 
recently Rac1GTPase has been found to be required for b-catenin translocation to the nucleus. 
In the cytoplasm Rac1 and JNK2 form a complex that phosphorylate b-catenin at two specific 
sites after which b-catenin can translocate to the nucleus (82). Once in the nucleus b-catenin 
competes with the co-repressor Groucho for binding to TCF. b-catenin binds to a low affinity 
binding site on TCF that overlaps the binding sites for Groucho thereby converting TCF from 
a transcriptional repressor in complex with Groucho into a transcriptional activator bound to 
b-catenin. When b-catenin binds to TCF transcription of downstream target genes such as 
myc and cyclin D1 is activated (reviewed by (119). Wnt signalling, like insulin signalling, 
can be overruled by stress responsive pathways. In situations of low oxygen levels b-catenin 
interacts with HIF1α while under conditions of increased ROS b-catenin is diverted towards 
FOXO. For both transcription factors this interaction results in increased transcription of their 
downstream target genes. Thus, besides acknowledging the important function of b-catenin 
in the canonical Wnt signalling pathway, we now begin to appreciate the role of b-catenin in 
many other signalling pathways as well.

Regulation of TCF transcriptional activity
T-cell factor/Lymphoid enhancing factor (TCF/LEF) belongs to the high mobility group 
domain (HMG) family of transcription factors. TCF/LEF shows high affinity for the DNA 
sequence (A/T)(A/T)CAA(A/T)GG (120,121) to which it can bind directly. When bound to 
DNA TCF recruits several co-repressor proteins such as Groucho and CtBP that help to restrain 
gene expression (120). Upon Wnt signalling the co-repressor proteins are being replaced by 
co-expression proteins such as b-catenin and transcription of downstream target genes is 
activated (120,122,123). TCF/LEF can be regulated via many posttranslational modifications 
such as phosphorylation, sumoylation and acetylation (124-126). Phosphorylation of TCF/
LEF is mediated via Nemo like kinase. WNT5a increases intra-cellular Ca2+ concentrations 
which results in activation of PKC and Ca2+/calmodulin-dependent kinase (CaMK). PKC and 
CaMK trigger TAK1 to activate NLK which results in phosphorylation of TCF/LEF and this 
consequently results in hindrance of b-catenin to interact with TCF/LEF (127,128). The E3 
ligase PIASy can sumoylate TCF4 at lysine 297 which results in enhanced transcriptional 
activity (126). The Axin binding protein Axam can counteract TCF4 sumoylation (126) 
and induce the degradation of b-catenin (129). Although it is not fully understood how 
sumoylation and desumoylation exactly regulate TCF transcriptional activity their activity 
seem to rely on the localisation of the proteins in the nucleus. PIASy and Axam regulation of 
TCF4 in the Wnt signalling pathway clearly needs futher research. Another way of regulating 
TCF activity is via acetylation through CBP/p300. Acetylation of TCF was first described to 
negatively regulate wingless signalling in drosophila (130). Furthermore, acetylation results 
in inhibition of interaction between TCF and b-catenin. Intriguingly acetylation of TCF in 

      General introduction

  19



vertebrates was found to activate TCF mediated transcription (131). In C. elegans acetylation 
of the TCF orthologue POP1 results in nuclear translocation and activation of transcription 
(132). Phosphorylation of POP1 overrules the effects of acetylation but it does not effect the 
acetylation levels of TCF suggesting that phosphorylation and acetylation are independent 
regulators of TCF localisation and activation (132). 

Protein Phosphatase 2A
Many cellular processes are being regulated via reversible phosphorylation of proteins 
and much attention has been paid to the regulation of proteins by kinases. However it has 
become apparent that dephosphorylation of proteins by protein phosphatases (PPases) is 
equally important. Above we described the decisive role of phosphorylation on activation 
and inactivation of FOXO transcription factors. For both FOXO1 and FOXO3a (133,134) 
phosphorylation has been shown to be reversible via dephosphorylation through the PP2A 
family of serine/threonine phosphatases. Therefore, we focus our attention on the role of 
PP2A to further unravel the effect of phosphorylation and dephosphorylation on FOXO4 
activity. Furthermore, in chapter 4 of this thesis we study the contribution of PP2A on 
mediating the interaction between FOXO4 and b-catenin. In vivo PP2A has been found to 
exist in either a dimeric or trimeric form. Both contain the core dimer that consists of the 36-
kDa catalytic subunit PP2Ac bound to the 65kDa regulatory subunit PR65/A. The catalytic 
subunit is encoded by two genes that give rise to either the α or b isoform that share up to 
97% identity. Like PP2Ac the PR65/A subunit also exists in an α and a b isoform (135). 
The PR65/A subunit comprises 15 tandemly linked leucine rich repeats (HEAT motifs) that 
each contain 39 to 41 amino acid residues (136). A single heat motif consists of a pair of 
antiparallel α helices that are connected with a short 1-3 amino acid intrarepeat loop. Parallel 
stacked HEAT repeats form an elongated left handed structure with a hooked shape form. 

B

B”

B’

B’”

Figure 5. PP2A subunits
PP2A consists of three subunits. The core 
regulatory PR65A subunit that dimerises 
with the PP2Ac catalytic subunit. Both sub-
units exist in a α- and b-isoform. The third 
subunit that can interact consists of four un-
related families that can all either undergo 
splicing or exist in different isoforms. The 
combination of the three subunits determi-
nes PP2A substrate specificity.
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The intrarepeat loops contain a highly hydrophobic surface for protein-protein interactions. 
Besides the PP2Ac catalytic subunit that can bind to the HEAT motif a third variable subunit 
can interact. Four families of unrelated subunits have been classified to interact with the 
scaffold PR65/A. These four families consist of the PR55/B family that exists in four 
different isoforms (α, b, γ and δ). The PR56/61/B’ family is encoded by 5 genes of which 
some transcripts undergo alternative splicing what results in a total of eleven isoforms. The 
PR48/59/72/130/B” family contains four proteins that are generated through splicing of a 
single gene and the PR93/PR110/B”’ family consists of two unrelated proteins from two 
different genes. Binding of the B subunits is mutually exclusive as they interact via the same 
or overlapping sites within the A subunit of the core dimer (137). Expression of the many 
B subunits depends on tissue specific transcription and the developmental stage of the cell. 
The variable subunits have a regulatory role in localising the enzyme to different cellular 
compartments and they play an important role in regulating the activity and specificity of the 
enzyme (138,139). Because of the different isoforms, splice variants and many regulatory 
subunits numerous trimeric proteins could theoretically be formed. Like many other proteins 
PP2A is subject for posttranslational modifications. Phosphorylation of tyrosine 307 in the 
catalytic subunit by several growth factors such as TNFα and insulin (140-144) inhibit PP2A 
activity. Besides regulation through tyrosine phosphorylation PP2A can be phosphorylated by 
several serine/threonine kinases (145). PP2A has been shown to autodephosphorylate serine 
and threonine residues thereby reactivating itself (146). The effect of hydrogen peroxide on 
the activity of PP2A remains controversial. Upon hydrogen peroxide treatment cysteines in 
PP2a become oxidised thereby inhibiting the activity of the protein (147). Some however 
show evidence for an activating role of hydrogen peroxide on PP2A (148,149). Others find 
a biphasic effect of hydrogen peroxide on PP2A activity where low levels of hydrogen 
peroxide activate the phosphatase while high levels result in its inactivation (150). These 
opposing findings show the complexity of the  regulation of phosphatases after ROS. The 
answer to the many contradictory outcomes might lie in the abundance of complexes that can 
be formed between the different subunits. Besides being regulated through phosphorylation 
PP2A is regulated via methylation of a c-terminal residue in the catalytic subunit at leucine 
309. Methylation occurs at specified holoenzymes and only at specific periods during the 
cell cycle (151). Methylation and demethylation of PP2A is  regulated via protein methyl 
transferase IV and protein methylesterase PME-1. It is postulated that methylation of PP2A 
triggers dimer-trimer formation as inactivation of the methyltransferase completely blocks 
trimer formation (152). 

Protein arginine methyl transferases 
Recently it was discovered that protein arginine methylation is among the many 
posttranslational modifications of FOXO. Methylation of FOXO occurs on arginines in the 
known PKB motif RXRXXS/T which hinders PKB to phosphorylate FOXO within this stretch 
(153). An interesting model, which we will explore further in this thesis, could be postulated 
here where FOXO is being dephosphorylated via PP2A and immediate rephosphorylation 
by PKB can be prevented through methylation of FOXO within the PKB motif. Thus the 
balance between phosphorylated and unphosphorylated FOXO is shifted through protein 
methylation towards dephosphorylation enabling FOXO to retain its activity. Currently the 
protein arginine methyltransferase (PRMTs) family consist of eleven family members that all 
catalyse the transfer of a methylgroup from Adomet to the side chain nitrogens of arginine 
residues in proteins to form methylated derivatives and S-adenosyl-L-homocysteine. Two 
types of arginine methylation have been defined: type I enzymes catalyse the formation of  NG-
monomethyl arginine and asymmetric NG-dimethyl arginine while type II enzymes form NG-
monomethyl arginine and symmetric NG, N’G-dimethyl arginine. Addition of methylgroups to 
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Figure 6. Protein arginine methylation catalysed by PRMTs
Both type I and type II PRMTs catalyse monomethylation of arginine residues by transferring the methylgroup of 
adomet to the side chain nitrogens of arginine residues. Type I PRMTs such as PRMT1, 3, 4, 6 and 8 than catalyse 
the addition of a second methylgroup to the same nitrogen resulting in asymmetric methylation of the protein. Type 
II PRMTs such as PRMT5, 7 and 9 add the second methyl group on a different nitrogen thereby symmetrically 
methylating the protein. 
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arginines alters the hydrogen bonding capacity of the protein while leaving the electrical 
charge unchanged. Among the type I methyltransferases we find PRMT1, PRMT3, PRMT4/
CARM1, PRMT6 and PRMT8 while the type II enzymes contain PRMT5, PRMT7 and 
PRMT9. PRMT1 and PRMT4/CARM1 are the best characterised family members. Depletion 
of PRMT1 or PRMT4/CARM1 leads to embryonic lethality indicating they play an essential 
role at the organismal level. At cellular level PRMTs play a role in several processes such 
as transcriptional regulation, signal transduction, DNA repair, RNA processing and protein 
trafficking (154). In addition PRMT activity was found to be elevated  in highly proliferating 
tissues and cancer cell lines (37,155,156). Modulation of protein-protein interactions seems 
to be an important function of  protein methylation (154,157,158) and individual PRMTs are 
found at different locations in the cell. PRMT1 has been implicated to shuttle between the 
cytoplasm and nucleus where it plays a role in many different functions (159-164). PRMT3 
and -5 (164,165) are predominantly found in the cytoplasm and PRMT2 and -6 are foremost 
localised in the nucleus (166,167). Type I PRMTs recognise glycine/arginine rich motifs 
that often contain RGG repeats. As PRMTs show preference for different substrates other 
yet undefined motifs might as well be involved. How PRMT activity is being regulated 
exactly remains to be elucidated although specific examples indicate there are diverse types 
of regulatory mechanisms. Direct protein-protein interactions were one of the first to report 
stimulation of PRMT1 activity (160). PTMs have also been reported to generate an effect on 
PRMT activity. Some PRMTs have been found to selfmethylate although  the effect hereof 
is not clear (166). PRMT4/Carm1 has been found to be phosphorylated for activation (168). 
Furthermore many of the PRMTs need to homodimerise or homo-oligomerise to become 
active (44,169,170). Dimerisation is thought to be necessary for the methyltransferase activity. 
Furthermore activity of PRMTs can be regulated by substrate accessibility. Like many other 
histone modifying enzymes PRMTs do not drive uniform histone modifications throughout 
the genome but recruit coregulator proteins to target genes by interacting directly or indirectly 
with nuclear receptors resulting in local methylation (171-173). Likewise transcription 
factors can recruit PRMTs to target gene promoters (174). Methylation of proteins can be 
reversed by protein demethylases. Recently JMJD6 has been demonstrated to be involved in 
demethylation (175) of lysine residues together with Fe(ii) and α-ketoglutarate as cofactors 
(176,177). Arginine methylation can be prevented by the protein arginine deiminase PAD4, 
which acts on both histones and proteins such as p300 (44) that converts arginines in proteins 
to citrulline via deimination which is the removal of an amino group from the guanidino side 
chain (178,179). 

Outline of this thesis
Regulation of FOXO activity is mediated via diverse signalling pathways. Insulin/ PI3K/
PKB signalling results in phosphorylation of FOXO at specific phosphorylation sites and 
this provokes translocation and inactivation of FOXO from the nucleus to the cytoplasm. 
Recognition of these specific phosphorylation sites by the E3 ligase SKP2 enhances poly-
ubiquitination of FOXO and this consequently results in decreased FOXO levels in the 
cell. ROS activate and induce translocation of FOXO to the nucleus via Ral/JNK mediated 
phosphorylation on sites different from those phosphorylated by the insulin route. Upon 
increased levels of ROS FOXO4 interacts with b-catenin thereby enhancing transcription of 
FOXO4 target genes. This thesis describes in detail the regulation of the interaction between 
FOXO4 and b-catenin. Previously we have shown the importance of the FOXO/b-catenin 
interaction in C. elegans where DAF-16 induced protection from ROS partially depends 
on interaction with BAR-1 (55). To understand the mechanisms behind this interaction we 
investigated what pathways are involved in mediating the interaction between FOXO4 and 
b-catenin. As FOXO activity is regulated via many PTMs we also searched to understand 
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whether these PTMs might be involved in regulating the FOXO4/b-catenin interaction as 
well. Since b-catenin is an important binding factor for FOXO4 but is involved in other 
signalling pathways as well we first review in chapter 2 the interplay between b-catenin and 
other transcriptional regulators like  HIF1α and FOXO in the context of changing levels of 
oxygen and consequently ROS in the cell. We propose a model where b-catenin is relayed 
between its various binding partners not only by classical signalling but also through changes 
in cellular O2 metabolism. Under normoxia b-catenin is bound to the cadherin complex where 
it participates in cell-cell adhesion. Upon Wnt signalling b-catenin, either synthesised de novo 
or derived from the cadherin pool, stabilises in the cytoplasm and translocates to the nucleus 
where it interacts with TCF/LEF inducing transcription of genes involved in proliferation 
and differentiation. When cells encounter hypoxia b-catenin interacts with HIF1α, thereby 
enhancing transcription of genes important for cell survival and adaptation to hypoxia.  
Likewise, increased ROS levels shift b-catenin to interact with FOXO thereby amplifying 
transcription of genes involved in ROS clearance, cell cycle arrest and eventually if deemed 
appropriate towards apoptosis. These shifts towards alternative binding partners also imply 
that TCF signalling is inhibited. Thus changes in cellular redox shift b-catenin to interact 
with different interaction partners thereby regulating transcriptional programs to balance 
cell proliferation with survival and even apoptosis. Chapter 3 Provides evidence for this 
central role of b-catenin in the crosstalk between the FOXO4- and TCF pathway following 
changes in ROS. Oxidative stress signalling drives FOXO4 to interact with b-catenin and 
this decreases b-catenin/TCF activity by inhibiting b-catenin to interact with TCF. This ROS 
dependent inhibition of b-catenin/TCF interaction is directly mediated via FOXO4 as ROS 
signalling has no effect on b-catenin/TCF binding when FOXO4 is depleted. In chapter 4 
the role of PTMs on the FOXO4/b-catenin interaction is explored. Addition and removal 
of specific modifications on FOXO4 influences its interaction with b-catenin. Importantly, 
dephosphorylation of  FOXO4-S258 results in enhanced interaction with b-catenin. Ser258 
of FOXO4 can be phosphorylated by SGK and PKB and dephosphorylated by PP2A. It 
is shown that the cycle of phosphorylation/dephosphorylation is regulated by methylation 
on arginine residues important for PKB phosphorylation. We show that following PP2A-
mediated dephosphorylation the methyl transferase PRMT1 can methylate FOXO4, thereby 
preventing rephosphorylation by PKB. Furthermore, we show that ROS-induced FOXO4/b-
catenin interaction is mediated via a Ral signalling pathway, independent of  JNK.  Chapter 
5 focuses on the effect of an additional methyl transferase, PRMT6 on FOXO4/b-catenin 
and TCF/b-catenin interaction. PRMT6 can interact with both FOXO4 and TCF without 
detectable methylation of these proteins. Nevertheless PRMT6 binding to FOXO4 and TCF 
prevents b-catenin to interact. Binding of PRMT6 to FOXO4 enhances FOXO4 activity, 
while interaction with TCF leads to decreased activation. Other FOXO binding partners 
like NLK and p300 do interact in the presence of PRMT6 indicating PRMT6 specifically 
inhibits b-catenin from interacting with FOXO4. To elucidate the role of PRMT6 on FOXO4 
transcriptional activity we performed microarray analysis and the data hereof are described 
in the addendum to chapter 5. Finally in chapter 6 the findings of this thesis are discussed.
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Reactive oxygen species (ROS) are essential for efficient and proper execution of a large number of cellular
processes including signalling induced by exogenous factors. However, ROS are highly reactive in nature and
excessive or prolonged ROS formation can result in considerable damage to cellular constituents and is
implicated in the onset of a large variety of diseases as well as in the process of ageing [reviewed in [1] T.M.
Paravicini, R.M. Touyz, Redox signaling in hypertension, Cardiovasc. Res. 71 (2006) 247–258, [2] P. Chiarugi,
From anchorage dependent proliferation to survival: lessons from redox signalling, IUBMB life 60 (2008)
301–307, [3] M. Valko, D. Leibfritz, J. Moncol, M.T. Cronin, M. Mazur, J. Telser, Free radicals and antioxidants in
normal physiological functions and human disease, Int. J. Biochem. Cell Biol. 39 (2007) 44–84]. Management
of ROS to prevent potential damage, yet enabling its signalling function is achieved through numerous
enzyme systems e.g. peroxidases, superoxide dismutases etc. and small molecules e.g. glutathione that
collectively form the cellular anti-oxidant system. The O-class of Forkhead box (FOXO) transcription factors
regulates amongst others cellular resistance against oxidative stress [[4] Y. Honda, S. Honda, The daf-2 gene
network for longevity regulates oxidative stress resistance and Mn-superoxide dismutase gene expression in
Caenorhabditis elegans, Faseb J. 13 (1999) 1385–1393]. In turn FOXOs themselves are regulated by ROS and
cellular oxidative stress results in the activation of FOXOs [[5] M.A. Essers, S. Weijzen, A.M. de Vries-Smits, I.
Saarloos, N.D. de Ruiter, J.L. Bos, B.M. Burgering, FOXO transcription factor activation by oxidative stress
mediated by the small GTPase Ral and JNK, EMBO J. 23 (2004) 4802–4812]. A prominent feature of ROS-
induced FOXO activation is ROS-induced binding of β-catenin to FOXO [[6] M.A. Essers, L.M. de Vries-Smits, N.
Barker, P.E. Polderman, B.M. Burgering, H.C. Korswagen, Functional interaction between beta-catenin and
FOXO in oxidative stress signaling, Science (New York, NY) 308 (2005) 1181–1184, [7] M. Almeida, L. Han, M.
Martin-Millan, C.A. O'Brien, S.C. Manolagas, Oxidative stress antagonizes Wnt signaling in osteoblast
precursors by diverting beta-catenin from T cell factor- to forkhead box O-mediated transcription, J. Biol.
Chem. 282 (2007) 27298–27305, [8] D. Hoogeboom, M.A. Essers, P.E. Polderman, E. Voets, L.M. Smits, B.M.
Burgering, Interaction of FOXO with beta-catenin inhibits beta-catenin/T cell factor activity, J. Biol. Chem. 283
(2008) 9224–9230]. However, ROS affect many transcriptional programs besides that of FOXOs. Here, we
discuss the recent progress in our understanding as to how ROS may regulate the interplay between some of
the ROS-sensitive transcription factors through diverting β-catenin binding to these transcription factors. We
propose that β-catenin acts as a key switch between the various ROS-sensitive transcription programs.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Within the process of reduction–oxidation reactions where O2 is
converted to H2O, reactive oxygen species (ROS) are constantly
formed as intermediate products. These intermediate ROS products
consist either of short lived free radicals, characterised by unpaired
electrons such as O2

U−, or nonradical derivatives such as hydrogen
peroxide (H2O2), which for example is rapidly formed after conversion
of O2

U− by superoxide dismutases.
Within the cell several different sources of ROS production exist,

most notably the mitochondria where ROS is produced as a side effect
of cellular respiration, which is required for oxidative phosphorylation
to efficiently generate ATP. However, ROS production is also induced
by external stimuli such as growth factors, inflammatory cytokines,
ionising radiation and chemotherapeutics. Treatment of cells with for
example insulin, EGF or TNFα results in the production of significant
amounts of H2O2 [9,10] through the regulation of specific NADPH
oxidase (NOX) complexes present in the plasmamembrane (reviewed
in [11]). Inhibition of H2O2 production, for example through addition
of catalase to cells, impairs signalling by these growth factors
indicating that H2O2 production indeed functions within the context
of normal growth factor signalling.

HowH2O2 acts as a signallingmolecule is slowly being understood.
A paradigm in this respect is H2O2-mediated oxidation of cysteine
residues. For example protein tyrosine phosphatases (PTPs), harbour a
critical cysteine residue within their catalytic domain and oxidation of
this cysteine by H2O2 inhibits phosphatase activity [12]. Consequently,
H2O2 production initiated by growth factor signalling through for
example tyrosine kinase receptors will result in enhanced receptor
autophosphorylation and increased substrate phosphorylation due to
H2O2-mediated PTP inhibition. This example clearly rationalises a role
for H2O2 production in normal cell signalling. However, H2O2

mediated oxidation does not have to occur on cysteine residues but
can also occur on other amino acids (e.g. tyrosine) and also does not
always result in inhibition of protein activity. For example cysteine
oxidation is required for c-src tyrosine kinase activity [13].

ROS is implied in the aetiology of a number of diseases such as
cancer, diabetes, hypertension, chronic kidney disease and athero-
sclerosis [1–3]. Many of these diseases are known diseases of the
elderly, and the possible involvement of ROS has led to the hypothesis
that ageing in general occurs through the accumulation of oxidative
damage to proteins, lipids, genomic and mitochondrial DNA. This has
been coined “the free-radical theory of ageing” [14]. The role of genetic
determinants affecting lifespan is studied in model organisms such as
the nematode Caenorhabditis elegans. Here the lifespan affecting
mutations in AGE-1, the homologue of phosphinositide-3 kinase (PI-
3K), and/or DAF-2, the insulin receptor homologue, result in the
activation of DAF-16, the nematode orthologue of mammalian FOXO.
DAF-16/FOXO activation leads to the transcriptional upregulation of
downstream target genes involved in cell cycle arrest, DNA repair,
anti-oxidant resistance and apoptosis [4,15]. Loss of function of DAF-
16 in C. elegans, and of FOXO in cultured mammalian cells results in a
decreased resistance towards oxidative stress and in C. elegans this
also leads to a decreased lifespan. Recently increased JNK signalling
both in C. elegans and Drosophila was shown to also increase stress
resistance and lifespan [16]. DAF-16/dFOXO is required for JNK to
extend lifespan and stress resistance [17,18]. In agreement, previous

work showed FOXO, more particularly FOXO4, to be directly
phosphorylated by JNK and this correlated with increased nuclear
localisation and transcriptional activity. This demonstrates that a
ROS–JNK–FOXO pathway regulates stress resistance and can affect
lifespan. Taken together these and other observations provide a strong
support for a role of ROS in ageing, but also for JNK being a major ROS
signalling intermediate.

An important mechanism of redox regulation of JNK proceeds
through apoptosis signal-regulating kinase 1 (ASK1). ASK1 is a
member of the mitogen-activated protein kinase kinase kinase
(MAPKKK) superfamily and the activation of ASK requires homo-
dimerisation [19]. Cysteine oxidation by ROS induces homo-dimerisa-
tion of ASK through a cysteine disulfide bridge rendering active ASK
[20]. Consistent with this notion thioredoxin, which reduces cysteine
disulfide bridges inhibits ASK activation [21]. Activation of ASK and
binding of ASK to the JNK scaffold JIP3 [22], ultimately result in the
activation of JNK. Besides FOXOs active JNK can phosphorylate directly
a large number of transcription factors and thereby regulate their
activity. Thus ROS-induced JNK-mediated phosphorylation constitutes
a major pathway by which ROS regulates the transcription factor
activity.

Recently, we described a ROS-dependent interaction between
FOXO and β-catenin that appears to be evolutionary conserved [6]. In
cells β-catenin is part of two major protein complexes [23]. First,
β-catenin is complexed to α-catenin and the E-cadherin receptor and
thereby β-catenin impacts on cell–cell adhesion. Second, β-catenin
acts as a key player in the canonical Wnt pathway by interacting with,
and activating the TCF (T cell factor) transcription factor. In C. elegans
however it was shown that BAR-1 (the β-catenin orthologue) is also
necessary for DAF-16-induced dauer formation, lifespan regulation,
oxidative stress resistance and the expression of its target gene SOD-3
[6]. These findings illustrate the possibility that the function of
β-catenin in transcription regulation is more versatile. Indeed, by now
it has become clear that β-catenin interacts with a number of other
transcription factors and besides TCF and FOXO it also interacts with
HIF-1 and c-Jun [24,25]. It is noteworthy that these transcription
factors are all regulated by ROS and the interaction with β-catenin
enhances their activity, like was shown for the β-catenin/FOXO
interaction. Under normal cellular conditions β-catenin, through
Wnt signalling, is involved in cell proliferation and differentiation
but under changed ROS conditions its function can shift to regulate
transcription factors that support cell survival through increased
stress resistance and ROS clearance. These findings may be taken to
suggest that β-catenin is a pivot in reprogramming transcriptional
activity following changes in ROS. Here, we will discuss the role of
β-catenin in regulating different transcription factors following
changes in ROS and the possible consequences thereof for under-
standing ageing and disease.

2. Wnt signalling towards β-catenin: the canonical pathway

Wnt proteins are secreted glycoproteins that influence the fate of
nearby cells in several organs. Wnt proteins play a role in many
biological processes such as embryonic development, stem cell
maintenance [26] and cell proliferation [27].Wnt signalling is initiated
byWnt-induced complex formation between the frizzled receptor and
its co-receptor LRP. When bound these receptors activate dishevelled
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(Dvl) that antagonises the β-catenin destruction complex [28,29]. This
destruction complex consists of the tumour suppressor Adenomatous
Polyposis Coli (APC), the serine/threonine kinases Casein Kinase 1
(CK1) and glycogen synthase kinase-beta (GSK3β) and the scaffold
proteins Axin and conductin [30–32]. Complex formation strongly
enhances the activity of GSK3β towards β-catenin as a substrate and
within this complex β-catenin is phosphorylated at its N-terminus by
GSK3β (Ser33 and Ser37) and by CK1 (Ser45). These GSK3β
phosphorylation sites serve as recognition sites for the E3 ubiquitin
ligase β-TrCP. This results in β-catenin polyubiquitination and
proteasomal degradation [33]. Wnt signalling thus prevents β-catenin
degradation and ultimately results in β-catenin translocation to the
nucleus where it binds the T cell factor (TCF) transcription factor and
activates TCF-dependent transcription by displacing the transcrip-
tional repressor Groucho [34].

Abnormal/oncogenic activation of the Wnt pathway, for example
through loss of APC, leads to a constitutively active β-catenin and
enhanced and prolonged activation of downstream target genes, im-
portantly the proto-oncogene c-myc [35], involved in cell proliferation.
This is believed to lead to the onset of cancer and as this has been the
subject of many reviews we refer to these (see for example [26,36–41]).

β-catenin belongs to the armadillo family of proteins, charac-
terised by a central domain of a repeating 42 amino acid motif termed
the armadillo repeat. Most β-catenin interactions require the
armadillo repeats and it is suggested that phosphorylation of the
proteins that interact with β-catenin introduces a negative stretch on
these proteins that enhances the binding to the positively charged
groove of the armadillo repeat [23]. However, not all phosphorylations
lead to increased interaction with β-catenin as several phosphoryla-
tion events have been described that decrease β-catenin binding
affinity. At the NH2 and COOH termini β-catenin contains unstruc-
tured regulatory regions that are largely involved in recruiting co-
factors for adhesion and transcriptional activation.

3. ROS regulation of Wnt signalling towards β-catenin

A recent study by Funato et al. identified nucleoredoxin (NRX) as a
redox sensitive negative regulator of canonicalWnt signalling through
its interaction with Dvl [42]. Consequently it was shown that H2O2

addition to cells reduced the interaction between NRX and Dvl,
resulting in transient activation of TCF [43]. These findings are in
apparent contrast to a number of studies showing that treatment of
cells with H2O2 to induce ROS-dependent signalling, inhibits
β-catenin/TCF transcriptional activity [7,8,43]. However, the mechan-
ism of this inhibition is unclear. For example, rapid dephosphorylation
and thus activation of GSK3 following H2O2 treatment correlates with
the loss of β-catenin nuclear localisation and decreased β-catenin
protein level [44]. Yet, as discussed above and in apparent contrast,
ROS is known to inhibit a number of phosphatases, so how GSK3 may
become dephosphorylated following H2O2 treatment remains to be
established.

Interestingly, it was shown previously that overexpression of Dvl
rescues cells from H2O2-induced inhibition of β-catenin/TCF tran-
scriptional activity [43]. This is of note since Funato et al. explored the
NRX function in cells overexpressing Dvl. Thus these data combined
can be reconciled to indicate a dual role for ROS in regulating Wnt
signalling dependent on the status of Dvl. In addition this identifies
Dvl as an entry point for ROS to regulate canonicalWnt signalling.Wnt
signalling not only precedes through the canonical pathway, but again
through Dvl, Wnt signals also to the c-Jun kinase (JNK) family of stress
kinases [45]. ROS also potently activates JNK, albeit not necessarily
through Dvl. Apparently, ROS through JNK can employ a non-
canonical Wnt signalling to regulate β-catenin/TCF. The non-canonical
Wnt/JNK pathway regulates planar cell polarity (reviewed in [46,47]),
but also acts as an in-built negative regulatory input on β-catenin/TCF
transcriptional activity [46]. How JNK inhibits β-catenin/TCF is at

present unknown. Nemo-like Kinase (NLK), like JNK a proline-directed
MAPkinase family member also acts as a negative regulator of
β-catenin/TCF [48]. It was shown that NLK directly phosphorylates
TCF, resulting in reduced binding of β-catenin/TCF to DNA. Thus JNK
may directly phosphorylate TCF on the same site(s) phosphorylated by
NLK and as such inhibit β-catenin/TCF. Hence, other stimuli that
activate JNK, most notably H2O2/ROS but also to a lesser extent growth
factors like insulin, can employ this pathway to negatively regulate
β-catenin/TCF.

Taken together it is clear that ROS-induced signalling modulates
β-catenin/TCF function. In this respect JNK may act as the central
convergence point for negative regulatory inputs, because JNK is also
employed by Wnt signalling to balance β-catenin/TCF outcome as
steered by the canonical pathway.

4. FOXO

The Forkhead family of transcription factors consists of over 100
different family members. The O-class contains 4 family members
FOXO1 (FKHR), FOXO3 (FKHRL1), FOXO4 (AFX) and FOXO6. All
Forkheads contain a winged helix–loop–helix DNA binding domain
that consists of a 110 amino acid fork-like structure. FOXOs are
classical transcription factors as they have a DNA binding domain and
a transactivation domain that is located both in the C-terminal and
N-terminal domains of the protein. Initially FOXO transcription factors
were shown to be important downstream effectors of the PI-3K/PKB
(AKT) signalling pathway [49–51]. Phosphorylation of FOXO by PKB
promotes the translocation of FOXO to the cytosol, thereby repressing
its transcriptional activity. FOXO6 lacks the first PKB-dependent
phosphorylation site and is probably therefore mainly located in the
nucleus. Nevertheless phosphorylation of FOXO6 on the remaining
PKB sites also leads to the inactivation of the transcriptional activity of
the protein [52,53].

In C. elegans DAF-16 is involved in metabolic insulin signalling and
longevity [54–56]. Loss of insulin signalling resulting in increased
DAF-16 activity increases lifespan significantly. In mammalian cells
insulin signalling is causal to diabetes and PTEN deletion as well as
activating PI-3K mutations is found frequently in human cancer. Thus,
insulin signalling via PI-3K/PKB is involved in lifespan as well as in two
major age-related diseases and FOXOs are likely to be an important
mediator of transcriptional responses to disease states as well as in
ageing. In mammalian cells FOXOs mediate a transcriptional response
that can be divided into several functional classes. FOXOs control
cellular proliferation (relevant genes regulated by FOXO in this respect
are p27kip1, p130Rb2, cyclinG and cyclinD), cell death through
apoptosis (BIM1, FasL and Bcl6), resistance towards oxidative stress
(MnSOD and catalase) and cell metabolism (PEPCK and G6Pdh). The
integrated outcome of the transcriptional regulation by FOXO is likely
dependent on the cell type and/or cellular conditions, however, in
mouse models the transcriptional response to FOXOs has been found
to be involved in diabetes onset, stem cell maintenance, angiogenesis,
T cell development and tumour suppression. Some of these pheno-
types are due to single FOXO alleles (e.g. embryonic angiogenesis
defects only in FOXO1−/−), whereas in other phenotypes FOXOs act
redundant (e.g. conditional deletion of FOXO1, 3 and 4 simultaneously
results in early tumour onset [57]).

5. FOXO and ROS

In C. elegans DAF-16-dependent lifespan requires transcriptional
regulation of genes involved in ROS homeostasis (e.g. SOD3 and
catalase) [15]. This function is conserved in mammalian cells where
MnSOD the SOD3 orthologue, is also regulated by FOXO and where
ligand-independent activation of FOXO results in the lowering of ROS
after H2O2 challenge [58]. At present several other additional genes
involved in FOXO-mediated ROS scavenging have been identified,
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including catalase (reviewed in [59]). These findings suggest in
addition that ROS may act in a feed-forward loop to FOXO as well.
Indeed, increased cellular ROS as a result of H2O2 treatment to cells or
glucose withdrawal, increases FOXO activity [5]. This increase is
accompanied by the increased nuclear localisation of FOXO and a
multitude of post-translational modifications (PTMs) including phos-
phorylation, acetylation, methylation and (mono)ubiquitination (see
for recent reviews [56,60–62]). These modifications are added to FOXO
through ROS-induced binding of a number of modifying enzymes,
including JNK, p300/CBP, SIRT1/2, PRMT1, Mdm2 and USP7, to FOXO.
However, the role of these modifications in regulating ROS-dependent
FOXO activity is far from understood. The primary cause of complica-
tion is the fact that several of the enzymes regulating PTM turnover of
FOXO also do so for histones. For example, the effect of acetylation on
histone function (stimulating transcription by promoter opening), can
be opposite to the effect of acetylation on FOXO (loss of DNA binding
and therefore inhibition of FOXO-dependent transcription). In most
experimental set-ups a clear distinction between these multiple
(opposing) roles of these enzymes and the PTMs they regulate is not,
or cannot, be made. Therefore different studies may reach apparently
conflicting conclusions (discussed in [56]). This also complicates the
next level of understanding: how is the interplay between these
modifications with respect to regulating FOXO activity? In general it is
possibly right to conclude that FOXO activity is extremely tightly
regulated with multiple positive and negative inputs occurring either
almost simultaneously or sequentially. This will allow cells to tune the
FOXO function rapidly, which is likely desirable for an adaptive
response such as regulated by FOXO. The net result after increased
cellular ROS, will be an initial increase of FOXO activity resulting in an
increased expression of anti-oxidant genes and a consequent decrease
in cellular ROS. This will then be rapidly followed by a decrease in
FOXO activity. Because FOXO also regulates the G1 transition of the cell
cycle, it is likely that FOXOs in this way allow cycling cells to cope with
increased levels of ROS. By inducing a cell cycle arrest in G1 [63],
followed by a lowering of ROS and possibly by repair of ROS-induced
damage, cells can resume the cell cycle without ROS-induced negative
side effects.

6. FOXO and β-catenin

Whilst studying ROS-mediated regulation of FOXOs we discovered
that β-catenin not only interacts with TCF, but also interacts with, and
regulates FOXO activity under conditions of increased ROS. This role
for β-catenin in regulating FOXO appeared evolutionary conserved. In
C. elegans, animals containing a null mutation for BAR-1 are defective
in dauer formation induced by starvation or induced by loss of DAF-2
(insulin-type signalling) [6]. Dauer formation is an alternative larval
stage that is activated by dauer pheromone, high temperature or food
starvation and provides C. elegans the ability to survive under
unfavourable conditions. Most importantly, entry into dauer devel-
opment is initiated by the expression/activity of DAF-16 [64]. As
mentioned, animals lacking BAR-1 were unable to undergo dauer
formation suggesting that BAR-1 acts as a positive regulator of DAF-16
activity, thereby allowing dauer formation and lifespan extension to
occur. Furthermore, BAR-1 regulates the resistance of C. elegans
towards oxidative stress and lifespan in a DAF-16-dependent manner.
Finally, consistent with this BAR-1 expression affects the DAF-16
regulated expression of the sod-3 gene. Loss of BAR-1 lowered sod-3
expressionwhereas BAR-1 overexpression increased sod-3 expression.
Also in mammalian cells β-catenin acts as a positive co-regulator of
FOXO transcriptional activity [6]. Thus, these data show that β-catenin
plays an important role in cell cycle progression in both a positive (via
TCF), and negative (via FOXO) manner. Apparently, β-catenin only
shifts the regulation under conditions of oxidative stress and this
would be in agreement with the aforementioned negative regulation
of Wnt signalling by ROS.

Interestingly, this shift of β-catenin binding from TCF to FOXO was
recently found to play a role in decreased osteoblast number and bone
formation in ageingmice [7]. Wnt signalling plays an important role in
bone morphogenesis. When osteoblasts encounter mechanical load-
ing, which may be caused by exercise or body weight, the Wnt/
β-catenin pathway is activated and induces bone mass production
[65]. On the other side, oxidative stress can lead to decreased
osteoblast number and bone formation rate as well as osteoblast
apoptosis in an ERK-dependent manner [66]. Furthermore, increased
ROS leads to osteopenia in other murinemodels [66] and osteoporosis
has been found to occur in mouse models that suffer from premature
ageing [67–69]. Counteracting ROS in cells by the upregulation of
scavenging enzymes, such as manganese superoxide dismutase and
catalase, can be mediated by FOXO activation. In ageing mice
decreased Wnt target gene expression was observed, while FOXO
target gene expression in these mice was found to be upregulated [7].
Like in C. elegans, under oxidative stress β-catenin was shown to
associate with FOXO in these mice, suggesting that thereby increasing
FOXO target gene expression and decreasing Wnt/TCF mediated
expression and osteoblast differentiation occurs. The authors con-
clude that the limited pool of β-catenin in these cells is apparently
diverted from TCF to FOXO.

Consistent with these data we recently showed that indeed
binding of β-catenin to FOXO can account for the loss of β-catenin
binding to TCF and consequently the reduced TCF transcriptional
activity [8]. As observed previously, oxidative stress increased FOXO/
β-catenin interaction and lowered TCF interaction with β-catenin.
siRNA mediated knockdown of FOXO reverts the loss of β-catenin
binding to TCF in the presence of oxidative stress, indicating that the
negative regulation by ROS signalling on β-catenin/TCF is mediated
via FOXO. On the other hand, overexpression of TCF prevents FOXO-
induced repression after oxidative stress. Therefore, FOXO and TCF act
through β-catenin as interdependent negative regulators. By both
using β-catenin, the balance can be switched rapidly giving the cell
the highest chance of survival upon diverse signals and more
importantly cells avoid competing signals (i.e. proliferation versus
arrest) by simultaneously inhibiting Wnt and activating FOXO. From
the above described data it becomes apparent that under conditions of
increased ROS the role of β-catenin in regulating gene transcription is
not only restricted to TCF. More importantly this also suggests that
besides FOXO other important ROS-sensitive transcription factors
could be regulated by β-catenin.

7. ROS-induced regulation of HIF-1 and the role of β-catenin

During their lifetime cells will encounter situations in which they
have to deal with a shortage of molecular oxygen known as hypoxic
stress. The hypoxia inducible transcription factors HIF-1 and HIF2 are
responsible for a rapid and adequate reaction to the hypoxic state of
the cell. HIF-1 and HIF2 increase the expression of a large subset of
genes that stimulate the adaptation of the cell to low oxygen levels.
HIF-1 seems to be involved in the response to acute hypoxia, while
HIF2 is involved in the response to prolonged hypoxic stress [70]. HIF-
1 consists as a dimer of a hypoxia inducible HIF-1α and constitutively
expressed HIF-1β subunit [71]. Under normoxic conditions (21% O2)
hydroxylation of two proline residues in the HIFα subunit (Pro-402
and Pro-564 in human HIF-1α), by prolyl hydroxylase domain (PHD)
enzymes enables specific recognition of HIF-1α by the von Hippel–
Lindau (VHL) protein. VHL binding triggers the recruitment of an E3
ubiquitin ligase and this results in polyubiquitination of HIF-1α and
subsequent proteasomal degradation [72]. However, under hypoxic
conditions PHD function is impaired and hydroxylation of two proline
residues is lost resulting in the stabilisation of HIF-1α [73]. The
stabilised HIF-1α subunit translocates to the nucleus where it
interacts with the HIF-1β subunit and recruits the co-activators
p300 and CBP, leading to transcriptional activation of HIF-1
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downstream target genes. HIF-1 is shown to play a role in both cell
survival and apoptosis [70,74,75] dependent on the amount and
time of oxygen deprivation.

In cells mitochondria constitute a major site of oxygen consump-
tion and mitochondrial oxygen consumption is required for efficient
ATP generation through oxidative phosphorylation [76]. In this respect
mitochondria appear a logical site to function in oxygen sensing.
Surprisingly, it has been suggested that it is not the oxidative
phosphorylation but the electron transport chain that acts as an O(2)
sensor by releasing reactive oxygen species (ROS) in response to
hypoxia. The primary site of ROS production during hypoxia appears to
be complex III [77,78]. For example, depletion of the Rieske iron–sulfur
protein of mitochondrial complex III by siRNA prevents the hypoxic
stabilisation of HIF-1α protein suggesting that the ROS released during
hypoxia may contribute to the stabilisation of HIF-1α [77]. Further-
more, under hypoxia, increased levels of anti-oxidants prevent the loss
of HIF-1α proline hydroxylation and HIF-1α stabilisation [79]. Thus,
although still debated, it appears that under some conditions
mitochondria-derived ROS contributes to O2 sensing and HIF-1
regulation, and increased ROS could therefore even be sufficient to
initiate HIF-1α stabilisation during hypoxia or other conditions.

In linewith the argument addressed here i.e. the involvement of ROS
in hypoxia, hypoxia was found to inhibit β-catenin/TCF complex
formation and transcriptional activity, resulting in a G1 arrest. Similar
to β-catenin binding to FOXO after H2O2 addition, HIF-1αwas observed
under hypoxia to compete with TCF4 for direct binding to β-catenin.
Again, similar to FOXO, β-catenin can enhance HIF-1-mediated
transcription, thereby promoting cell survival and adaptation to hypoxia
[79]. Given the similarity between HIF-1 and FOXO with respect to
regulating β-catenin, as described above, it will be of interest to analyze
whether this aspect of HIF-1 regulation under hypoxia is strictly ROS
dependent or involves other, ROS independent, mechanisms.

Interestingly, the antagonism between TCF and HIF-1α does
extend beyond competition for β-catenin as a co-factor in transcrip-
tion. In addition TCF4 was shown to regulate VHL expression and
whereas hypoxia reduces TCF activity, Wnt signalling on return can
reduce HIF-1α levels through VHL upregulation [80]. Thus HIF-1α and
TCF appear to function in a reciprocal feedback loop.

8. HIF and FOXO

The interaction between Wnt/TCF signalling and hypoxia/HIF-1
on the one and H2O2/FOXO on the other hand, corroborates the idea
that the effective handling of fluctuations in ROS by cells requires tight
regulation of transcriptional programs involving a switch in β-catenin
interaction partners. Therefore, it could be argued that HIF-1 and
FOXO should also functionally interact either directly or indirectly to
enable a concerted cellular response towards changes in ROS. Indeed,
two recent studies by Emerling et al. and Bakker et al. show that
during hypoxia, FOXO3 negatively regulates HIF-1, albeit through
slightly different mechanisms [81,82]. Emerling et al. show that FOXO
directly interacts with HIF-1 on the HIF responsive element (HRE) of
the Glut1 promoter, where it inhibits the binding of the acetyltrans-
ferase p300 to HIF-1. Bakker et al. show that FOXO inhibits HIF-1
indirectly through increasing the expression of CBP/P300-interacting
transactivator with Glu/Asp-rich c-terminal domain 2 (CITED2) [82].
CITED2 in this case acts to inhibit the interaction between HIF-1 and
p300. Because the interaction between p300 and HIF-1 is essential for
transcriptional activation by HIF-1, the competition for p300 binding
efficiently inhibits HIF-1 activity. In addition to the above, under
hypoxic stress conditions FOXO3 transcription is increased in a HIF-1-
dependent manner. Thus, FOXO is involved in the fine-tuning of the
HIF-1 response by a feedback mechanism that acts on p300 either
indirectly via CITED2, or directly by inhibiting HIF-1/p300 interaction.
Importantly, a role for FOXO under hypoxia appears evolutionarily
preserved as DAF-16 is necessary for survival under hypoxic condi-

tions in a daf-2 reduction of function mutant [83]. Thus, these genetic
data suggest that the negative feedback of FOXO on HIF-1 is essential
for survival under hypoxic conditions [84]. Consistent with this
notion, it was recently reported that also in mammalian cells during
chronic hypoxia downregulation/desensitisation of HIF-1α is essential
to prevent cell death by necrosis.

Several suggestions can be made as to why FOXO may act to
downregulate HIF-1. First, HIF-1 plays an important role in de novo
angiogenesis to provide cells exposed to hypoxic stress relieve from this
stress [85]. Angiogenesis is a time consuming process and in contrast
FOXOs can acutely rewire metabolism under stress conditions towards
gluconeogenesis and β-fatty acid oxidation and also provide means to
lower ROS [86]. Thus the length and severity of hypoxia, possibly in
concert with the level and/or nature of ROS produced,may require cells
to shift from HIF-1 towards FOXO. In this respect it is noteworthy that
both HIF-1 and FOXO can induce apoptosis and FOXOdoes not appear to
counteract the apoptotic program of HIF-1. For example, hypoxia-
induced expression of the pro-apoptotic gene BNIP3 is not influenced by
FOXO3 activation. On the contrary, under starvation conditions FOXO
has been shown to also induce BNIP3 in skeletal muscle, a process
suggested to be involved in autophagy in this system [87]. Thus, shifting
from HIF-1 to FOXO does not affect the ability of the organism to delete
cells through apoptosiswhen cells are deemed to be unable to evade the
stress imposed by the cellular environment.

As indicated, JNK as a component of the non-canonical Wnt
signalling acts directly in negative regulation of TCF/β-catenin and is
also involved in diverting β-catenin from TCF to FOXO by activating
FOXO after increased ROS. To our knowledge, JNK has not been
reported at present to regulate HIF-1 directly through phosphoryla-
tion. However, HIF-1 is subject to regulation by MAPK (ERK1,2)-
mediated phosphorylation and it would be interesting to test the
involvement of JNK on HIF-1 regulation in particular to assess whether
JNK could play a role in diverting β-catenin to HIF-1.

9. Extending the paradigm: c-Jun and β-catenin

The transcription factor c-Jun was the first described substrate for
JNK [88] and JNK-mediated phosphorylation of c-Jun at two conserved
residues (Thr68 and Ser73) results in c-Jun activation and active c-Jun
increases its own transcription [89]. Members of the Jun family (c-Jun,
junB and junD) can interact with each other, forming Jun homodimers,
or they can interact with members of the Fos family (c-Fos, FosB, Fra-1
and Fra-2), thereby forming heterodimers [90,91]. The dimeric
transcription factor AP-1 is composed of Fos/Jun heterodimers or
Jun–Jun homodimers and interacts with the DNA regulatory element
known as the activator protein-1 (AP-1) binding site [92]. By
interacting with these promoters AP-1 influences the transcription
of downstream target genes that play a role in proliferation,
differentiation and apoptosis [93]. Binding of the c-Jun/c-Fos hetero-
dimer to the AP-1 site is also redox sensitive and occurs through a
conserved cysteine residue located in the DNA binding domain of Fos
and Jun. Oxidation inhibits in this case DNA binding whereas
reduction increases DNA binding [94]. Exogenous addition of anti-
oxidants, such as the glutathione precursor N-acetyl-cysteine [95]
increases AP-1 activity and in vivo thioredoxin and Ref-1 function as
positive regulators of AP-1 activity (reviewed in [96]).

Recently it was shown that upon phosphorylation of serines 63 and
73, c-Jun also interacts with the TCF4/β-catenin complex in a TCF4-
dependent manner. Despite c-Jun being a transcriptional activator in
its own right, transcriptional activation of the complex however
remains strongly β-catenin dependent [97]. In mouse models it was
shown that in the absence of c-Jun, β-catenin is unable to induce
tumour development as a result of reduced cell proliferation. This
suggests that c-Jun is required for full activation of Wnt-induced
cellular proliferation, or alternatively that in the absence of c-Jun, TCF/
β-catenin cannot protect cells from apoptosis.
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Following this initial observation another study reported a direct
interaction between the DNA binding domain of c-Jun and the
armadillo repeat of β-catenin in a GST pulldown, indicating that the
c-Jun/β-catenin binding can be direct and not necessarily TCF4

dependent [25]. However, overexpression of c-Jun increased the
expression of β-catenin target genes only in the presence of a TCF
binding element. Because c-Jun and TCF both bind their own specific
DNA element it could be that the role and nature of the c-Jun/β-
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catenin/TCF complex differ when bound to an AP-1 element or bound
to a TCF element. A recent report by Gan et al. suggests that besides
c-Jun, TCF and β-catenin also Dvl is part of this complex when bound
to DNA [98]. Here c-Jun is suggested to act as a scaffold protein that
bridges Dvl to TCF, thereby increasing the TCF/β-catenin association
on Wnt target gene promoters.

Clearly, these data combined suggest a relevant interaction
between c-Jun and β-catenin. Whether this interaction requires TCF
or whether two separate complexes (c-Jun/β-catenin and c-Jun/β-
catenin/TCF) exist remains to be determined. In addition, how
precisely these interactions affect the c-Jun and TCF transcriptional
programs remains to be clarified. It also illustrates the complexity of
the interactions that exists between the Wnt signalling and JNK
pathway. This complexity even further increases when potential
interactions of c-Jun with FOXO and HIF-1 the other β-catenin
interacting transcription factor are taken into account. For example,
severe hypoxia increases JNK activity as well as c-Jun transcription and
c-Jun and HIF-1 functionally cooperate in hypoxia-induced gene
transcription. It would be of interest to see whether this cooperation
involves a c-Jun/HIF-1/β-catenin complex or a c-Jun/HIF-1 complex.
Also c-Jun and FOXO have been described to cooperate in the
expression of the pro-apoptotic gene BIM1 in neuronal cells [99].
However, how this cooperation is put into effect is unknown.

10. Synthesis: the good, the bad and the ugly of ROS, β-catenin
decides

ROS is necessary for cells to perform their normal function and ROS
can act as a second messenger to regulate specific transcription
factors, such as FOXO, HIF-1 and TCF. However, increased levels of ROS,
will result in damage to DNA, proteins and lipids. To some extent ROS-
induced damage is reversible and/or can be repaired. However, at
certain levels of ROS damage will be irreversible and either will result
in disease onset or loss of cells through induction of cell death or
senescence. The differing outcome in response to ROS levels is
sometimes referred to as the good, bad and ugly of ROS (see Fig. 1a).
Here we would like to provide a framework as to how the ROS-
dependent regulation of aforementioned transcription factors could
participate in the response to the good, the bad or the ugly of ROS.

Fig. 1 summarizes the literature discussed here in the context of
normal (non-pathological) conditions (aka the good of ROS). Under
these normal physiological conditions with no, or low levels of ROS,
cells are responsive to Wnt and insulin signals that activate signal
transduction pathways that play an important role in cell develop-
ment, proliferation and differentiation. Insulin activates PI-3K/PKB
and inhibits FOXO, while it has a positive modulating effect on HIF.
Wnt signalling through β-catenin/TCF, however keeps HIF-1 levels
tightly regulated via increased transcription of VHL. Wnt-induced
stabilisation and nuclear translocation of β-catenin can interact with
either TCF or with c-Jun to form a c-Jun/TCF/β-catenin complex on the
c-Jun promoter. The formation of the latter complex is however also

dependent on the activation of JNK via either non-canonical Wnt
signalling, or alternatively via other inducers of JNK (e.g. growth
factors acting through H2O2).

Following a moderate increase in ROS, the stress responsive
pathways that activate HIF-1 or FOXO will temporarily overrule Wnt
and insulin signalling. Increased ROS levels lead to the activation of
FOXO via the JNK pathway. Hypoxia results in the inhibition of VHL
and consequent stabilisation of HIF-1. Besides being activated by the
JNK pathway, the transcription of FOXO can be increased by HIF-1 to
establish a negative FOXO-dependent feedback loop. FOXO can then,
either directly inactivate HIF-1, or activate transcription of the HIF-1
inhibitor CITED2. ROS-mediated transcriptional activity of both HIF-1
and FOXO is increased upon interaction with β-catenin. When ROS is
cleared from the cells β-catenin is released from FOXO and HIF-1. As
only a limited pool of β-catenin is available for interaction with
transcription factors the outcome of β-catenin signalling can easily be
shifted back-and-forward from TCF, having a proliferative, tumouri-
genic role, to FOXO or HIF 1 where it is involved in cell survival, cell
cycle arrest or even apoptosis. Thus the β-catenin mediated response
is strongly dependent on the stimulus and subsequent interaction
with specific transcription factors.

11. The ugly of ROS: disease prevention at the cost of ageing

Whereas themodel presented in Fig. 1b describes possible changes
in pathway interactions due to normal fluctuations in cellular redox, it
is clear that the described regulatory mechanisms also operate at
levels of ROS that go beyond this window. Here there are likely two
possibilities. ROS levels may moderately increase and surpass only
mildly the normal changes in cellular redox. Alternatively, ROS levels
may increase strongly (differences are illustrated in Fig. 1a). Recent
evidence, comparingmild and chronic c-myc activationwith acute and
strong c-myc activation, suggests mild activation to be responsible for
disease i.e. cancer onset, whereas strong activation induces apoptosis
and results in cancer prevention [100]. We would argue the same for
changing levels of ROS. Acute strong increase of ROS will result in the
induction of senescence or apotosis, whereas mild and probably
chronic increase in ROS will result in disease onset. In effect mild and/
or chronic increasewill stay below the radar for putting into action the
ROS-dependent disease protection mechanisms that can be induced
by HIF and FOXO. Thus, strong overload of cellular ROS capable of
inducing severe and non-repairable damage will induce protective
mechanisms, most importantly senescence and apoptosis. However,
these intrinsic fail-safe mechanisms will prevent progression towards
disease e.g. cancer, but do come at the cost of ageing (aka the ugly, for
further reviews see [101]). Thus, moderate changes of endogenous
ROS associated with normal metabolismwill blockWnt signalling and
hence proliferative signalling and simultaneously will activate FOXO
and HIF-1 to enable cell cycle arrest. Increase of ROS will induce both
HIF-1 and FOXO to activate apoptotic gene transcription and possibly
senescence. How transcription factors such as FOXO and HIF are

Fig. 1. (A) The good, the bad and the ugly. The level of reactive oxygen species (ROS) in cells fluctuates depending on endogenous cell metabolism and exogenous events such as
growth factor binding to a receptor, but also stresses like UV radiation. We define here 3 windows of ROS levels. Grey bars are used here to delineate these windows. The first window
corresponds to low and moderately fluctuating ROS such as those encountered during normal signalling in which ROS act as second messengers (the good) that are involved in the
regulation of key signalling intermediates such as the transcription factors described in this review. A second window corresponds to a strong increase in ROS levels (the ugly) that
triggers a robust anti-ROS defense. This defense is most notably the induction of senescence or the induction of cell death (apoptosis/necrosis). These rigorous defenses are required
to prevent ROS-induced diseases. The third window (the bad) represents a moderate increase in ROS level, an increase above that required for normal cell function yet below that to
induce a robust defense such as triggered in the second window. What precisely happens during lifespan remains to be established but for example the cellular response to induce
ROS clearancemay slowly collapse and thereby increasing the risk of ROS levels to enter the third and second windows (the bad and the ugly) leading to either increased cell death or
senescence and thus inducing/accelerating ageing. Also reduced sensitivity to increased ROS will in effect enlarge the third window and escape of senescence and cell death due to
increased ROS will increase ROS-induced DNA damage to accumulate leading to the onset of diseases like cancer. (B) β-catenin decides under stress. β-catenin signalling results in
different outcomes depending on the oxidative status of the cell. During normoxia, Wnt signalling stabilises β-catenin which interacts with the T cell factor (TCF) to induce cell
proliferation. The presence of VHL downregulates HIF-1 levels. Insulin signalling downregulates FOXO activity. Upon oxidative stress FOXOs are activated and β-catenin shifts from
binding to TCF to interact with FOXO. This interaction results in an enhanced transcription of downstream target genes of FOXO and this will result in cell cycle arrest and/or repair.
Under hypoxia β-catenin interacts with HIF-1 to enhance the transcription of HIF-1 target genes. In as much as ROS participates in hypoxia β-cateninwill also bind FOXO and HIF and
FOXO will cooperate to induce cell survival. When the oxidative stress and/or hypoxia are cleared β-catenin is released from FOXO/HIF-1 and able to interact with TCF upon Wnt
signalling. JNK: c-Jun N-terminal kinase, FOXO: Forkhead box O, TCF: T cell factor, VHL: von Hippel–Lindau, PI3K: phosphoinositide-3 kinase.
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controlled to decide to either induce arrest or repair versus cell death
is far from understood. At least for ROS this decision can be directly
related to the level of ROS suggesting the possibility that ROS levels

directly regulate FOXO and HIF-1 outcome. Alternatively the ROS
levels signal indirectly through for example DNA damage or ER-stress
to FOXO. Although experimental evidence can be put forward for
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either possibility this has not been addressed directly. One possibility
to do so would for example be to analyze the ROS-induced HIF and
FOXO response in cells lacking components of the DNA damage repair
pathway(s).

Because, at least FOXO is strongly implicated in ageing an
interesting question becomes not only how FOXO affects ageing but
also how increasing age affects the FOXO response and how β-catenin
would participate in this. Aged mice display decreased GSK3 and
increased β-catenin levels due to increased Wnt signalling [102]. The
secreted protein Klotho was found as a negative regulator of the Wnt
pathway and Klotho deficient animals show an ageing-like phenotype
due to increased Wnt signalling [103]. Interestingly, Klotho was also
shown to inhibit the insulin/IGF-1 pathway by directly interacting
with the IGF-1 receptor [104] thereby relieving FOXO from negative
control and thus increasing the oxidative stress response [105].
Apparently Klotho levels affect ageing at least in part by determining
FOXO responsiveness towards ROS, first by reducing Wnt signalling
(making β-catenin available for FOXO) and second, by reducing insulin
signalling (providing relief of PKB-mediated inhibition).

In linewith the above it could be argued that with increasing age in
general transcription factors like FOXO might become less sensitive to
ROS, or less capable of inducing clearance of ROS. This will ultimately
lead to ROS accumulation, cell damage and the onset of age-related
disease. Treatment of cells with a low dose of H2O2 renders cells in
part refractory to a repeated challenge with a higher dose of H2O2, a
process known as hormesis [106]. Thus ageing resulting from
continuous fluxes in ROS levels will likely result in a gradually
impaired stress response. This desensitisation as a function of time
will likely not affect all ROS-induced signalling equally. For example,
not all ROS-induced FOXO changes appear equally sensitive to H2O2.
Acetylation and β-catenin binding to FOXO4, respectively involved in
negative and positive control of FOXO, are optimal at different doses of
H2O2 (DH and BMTB, unpublished results). Thus it is likely that due to
this differential response, ROS-mediated control of FOXO and outcome
of FOXO activation will change as a function of lifespan.

Caloric restriction is the only non-genetic intervention that
extends lifespan in many model organisms. Whether caloric restric-
tion also extends lifespan in humans can be disputed but it is clear that
in humans caloric restriction confers considerable health benefits. In
the context of the argument addressed here it could be suggested that
caloric restriction either generates a type of ROS, or reduces the
general level of ROS, thereby (re)sensitising FOXO and other
transcription factors to subsequent changes in ROS and thus to
enhance FOXO-dependent protective programs. Alternatively, caloric
restriction will lower insulin-type of signalling and therefore inhibi-
tion of FOXO through PI-3K/PKB will also become less severe. At the
cellular level we noted that ROS-induced activation of FOXO competes
with PI-3K/PKB-mediated inactivation [5]. Consequently, under
caloric restriction smaller changes in ROS will be more effective in
activating FOXO. Clearly these possibilities should be addressed
experimentally to understand the role of ROS in ageing and its role
in transcriptional regulation.

12. The bad of ROS: cancer

Although increased ROS is implicated in many (age-related)
diseases we restrict here to a role for ROS in cancer. As argued
above, disease is likely to be due to mild andmoderate changes in ROS
that will not result in ROS-dependent activation of apoptosis or

senescence. If indeed to be the case this could also rationalise why
ROS-dependent diseases are age-related. Decreased ROS sensitivity
during ageing, of transcription factors like FOXO and HIF-1, implies
that thewindow of intermediate ROS changes becomes larger and that
at older age most changes in ROS will stay below the radar for
activation of FOXO and HIF-1-dependent protection.

Taking the above into consideration, a model for the role of the
here-described mechanisms in cancer development is given in Fig. 2.
During normal cell proliferation and differentiation β-catenin/TCF
transcriptional output is balanced by activation through the canonical
pathway and inhibition through the non-canonical pathway (panel A).
In tumourigenesis this balance is distorted due to constitutive
activation of the canonical pathway for example through loss of APC
(panel B). This will result in hyperproliferation and at some stage
blood supply will not be sufficient for these cells to provide nutrients
and oxygen. It is generally accepted that these rapidly dividing cells
become hypoxic and that this will result in HIF-1 activation. However,
especially tumour cells can switch to glycolysis and fully rely on
anaerobic ATP production. As such these cells have no need to activate
HIF-1 for survival due to hypoxia. Thus how and why exactly HIF-1 is
switched on under these conditions is not entirely clear, but changes
in ROS are likely to be functional in this respect. Increased ROS due to
changes in glucose utilisation and/or hypoxia will disable the
proliferative output of β-catenin/TCF, but contribute to tumour cell
survival (panel C). At some point during tumour progression cells
have to bypass the senescence response. Constitutive activation of
β-catenin/TCF has indeed been shown to induce senescence and loss
of p53 or ARF prevents this [107]. Oncogene-induced senescence
correlates with oncogene-induced increase in ROS and it has been
argued that ROS itself induces the senescence response [108,109]. This
would obviously alleviate the need to increase HIF-1 and/or FOXO
activity. Thus, loss of p53 or ARF would either occur before or
concomitantly with activation of HIF-1 and/or FOXO.

Senescence bypass will also allow a further increase in ROS or a
change in the identity of ROS and this will result in the activation of
FOXO. FOXO in return downregulates HIF-1 activity, yet without
compromising the ability of HIF-1 (and FOXO) to induce apoptosis.
Because FOXO in part downregulates HIF-1 activity, FOXO activation is
likely to occur after HIF-1 activation. However, the molecular detail(s)
as to how andwhy HIF-1 would be active earlier is unclear and relative
ROS sensitivity may only be part of the explanation. If stress is not
resolved even tumour cells will go into apoptosis but a limited number
may survive due to the ability of FOXO to induce autophagy as well. If
stress is resolved for example because of neo- or revascularisation,
HIF-1 and probably FOXO activity as well, will be reduced to some
extent, but for full tumour growth to restore additional inactivation of
FOXO for example through loss of PTEN, may be required (panel E).
Loss of PTEN or other gene alterations is likely facilitated by the period
of increased ROS and consequent DNA damage. As such, tumours may
even require a period of growth resumption and increased ROS to
acquire limited genetic instability. Also tumours are often characte-
rised by metabolic changes such as high glucose uptake and increased
glycolysis, the so-called Warburg effect, and adaptation to this change
may become definite during the period of HIF-1 and FOXO activation.
Thus tumour cells hijack HIF-1 and FOXO to their own benefit, the
critical issue being to evade HIF-1 and FOXO-induced apoptosis. One
reason as to why this may be more likely to occur at older age is the
partial desensitisation of HIF-1 and FOXO, with higher doses of ROS
required to put in effect the apoptosis response. One way to

Fig. 2. The bad of ROS: cancer. During normal cell proliferation both HIF-1 and FOXO are kept inactive. Wnt signalling results in β-catenin stabilisation and cell proliferation (Panel A).
Constitutive activation of the WNT/β-catenin pathway, by for instance by APC mutation, leads to hyperproliferation and induced risk of cancer (Panel B). Tumour cells will shift
towards glycolysis. When oxygen levels in these cells drop ROS increases, VHL is inhibited and HIF becomes stabilised (Panel C). HIF interacts with β-catenin and thereby prevents
β-catenin to bind toTCF. This can result in a senescence bypass.When nutrients in these cells decrease ROS levels go up evenmore and FOXOswill be activated (Panel D). Stress can be
resolved by, for instance, neovascularisation. To restore full tumour growth additional inactivation of FOXOs is required, for example though loss of PTEN (Panel E). For extended and
further discussion see text. Abbreviations see legend of Fig. 1B.
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experimentally address such a model is to perform a comparative
analysis of the HIF-1/FOXO-induced apoptosis response in young
versus older individuals.

The literature reviewed here clearly shows a critical role for
β-catenin in ordering the different transcriptional activities in a timely
fashion following changes in cellular redox. These activities of
β-catenin play a role in normal as well as in pathological conditions
such as cancer. ROS-induced regulation of β-catenin-dependent
transcription occurs in conjunction with changes in JNK activity and
in case of FOXO and c-Jun/TCF direct phosphorylation by JNK is
required. Probably therefore not surprisingly many of the different
Wnt ligands regulate JNK activity and it will be of interest to further
decipher the pleiotropic role of β-catenin in regulating transcriptional
activity, not only in terms of understanding cellular redox regulation
but also to understand the multitude of Wnt regulated processes.
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Wingless (Wnt) signaling regulates many aspects of develop-
ment and tissue homeostasis, and aberrant Wnt signaling can
lead to cancer. Upon a Wnt signal �-catenin degradation is
halted and consequently the level of �-catenin in the cytoplasm
increases. This allows entry of �-catenin into the nucleus where
it can regulate gene transcription by direct binding to members
of the lymphoid enhancer factor/T cell factor (TCF) family of
transcription factors. Recently, we identified Forkhead box-O
(FOXO) transcription factors as novel interaction partners of
�-catenin (Essers, M. A., de Vries-Smits, L. M., Barker, N.,
Polderman, P. E., Burgering, B.M., andKorswagen, H. C. (2005)
Science 308, 1181–1184).Herewe show that the�-catenin bind-
ing to FOXO serves a dual effect. �-catenin, through binding,
enhances FOXO transcriptional activity. In addition, FOXO
competes with TCF for interaction with �-catenin, thereby
inhibiting TCF transcriptional activity. Reduced binding
between TCF and �-catenin is observed after FOXO overex-
pression and cellular oxidative stress, which simultaneously
increases binding between �-catenin and FOXO. Furthermore,
small interfering RNA-mediated knock down of FOXO reverts
loss of �-catenin binding to TCF after cellular oxidative stress.
Taken together, these results provide evidence for a cross-talk
mechanism between FOXO and TCF signaling in which �-cate-
nin plays a central regulatory role.

Wnt proteins are closely related secreted glycoproteins that
act as growth factors on cells and play critical roles in cell pro-
liferation and cell fate determination at many stages of devel-
opment (2, 3). Genetic and biochemical experiments in Dro-
sophila melanogaster, Xenopus laevis, and mammalian cells
have established a framework for theWnt signaling pathway. In
the absence of a Wnt signal, cytoplasmic �-catenin is bound to
a multi-protein �-catenin destruction complex that contains
several proteins, including Axin, adenomatous polyposis coli
(APC),3 casein kinase I� (CKI�) and � (CKI�) and glycogen

synthase kinase 3 (GSK-3). In this complex, CKI� and/or CKI�
and GSK phosphorylate �-catenin (4–6). Phosphorylation
triggers ubiquitination of �-catenin by �TrCP, a component of
the SCF�TrCP ubiquitin-protein ligase complex and degrada-
tion of �-catenin by the ubiquitin-proteasome pathway (7–9).
In the presence of Wnt, Dishevelled blocks �-catenin degrada-
tion by inducing the disassembly of the �-catenin destruction
complex, thereby allowing accumulation of �-catenin within
the cytosol and entry into the nucleus (10).Within the nucleus,
�-catenin can bind to lymphoid enhancer factor/T cell factor
(TCF) family of transcription factors and induce transcription
ofWnt target genes (11–15). Deregulation of theWnt signaling
pathway, for example due to loss of APC, results in stabilization
and nuclear accumulation of �-catenin and results in tumor
formation (16).

The FOXO subfamily of transcription factors is critically
involved in the regulation of apoptosis, proliferation, and the
control of oxidative stress (reviewed in Ref. 17). FOXOs are
negatively regulated by the phosphoinositide-3 kinase/protein
kinase B pathway. Activation of phosphoinositide-3 kinase/
protein kinase B will induce phosphorylation and nuclear
exclusion of FOXO, thereby inhibiting FOXO transcriptional
activity. Recently, we and others have obtained evidence that
FOXOs are also controlled by oxidative stress. In contrast to
insulin signaling, increased cellular oxidative stress relocalizes
FOXO to the nucleus and results in FOXOactivation (18). Acti-
vation by increased cellular oxidative stress requires phospho-
rylation by JNK and this is evolutionary conserved. In D. mela-
nogaster and Caenorhabditis elegans dFOXO and DAF-16 are
also phosphorylated by JNK, and JNK activity increases lifespan
in D. melanogaster and C. elegans in a dFOXO/DAF1–16
dependentmanner (19, 20). Recently we showed that�-catenin
directly binds to FOXO and that this binding leads to enhanced
FOXO transcriptional activity (1). The binding of �-catenin to
FOXO is increased under conditions of oxidative stress, and
genetic analysis inC. elegans demonstrated that the interaction
between FOXO and �-catenin is conserved and thus reveals an
evolutionary conserved function for �-catenin, independent of
TCF. Consistent with regulation of FOXO by phosphoinosit-
ide-3 kinase and Ras signaling, ligand-independent activation
of FOXO causes a cell cycle arrest in G1, both in cells trans-
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formed with oncogenic Ras and cells with a deletion of, or a
mutation in, phosphatase and tensin homolog deleted on chro-
mosome 10 (PTEN) (21). Interestingly, colon carcinoma cells
transformed by activated �-catenin/TCF signaling due to an
APC truncation are also arrested in G1 by activation of FOXO
(22), suggesting that FOXOexpression can suppress�-catenin/
TCF signaling toward proliferation. Therefore, we here inves-
tigated the consequences of the binding between �-catenin and
FOXO for signaling through the �-catenin-TCF complex. We
show that activation of FOXO leads to inhibition of TCF tran-
scriptional activity. This suggested that interaction of FOXO
and �-catenin competes with the binding of �-catenin with
TCF. Consistent with this, increased cellular oxidative stress
resulting from H2O2 treatment reduced the TCF/�-catenin
interaction and this is likely mediated via FOXO as siRNA-
mediated knockdown of FOXO expression alleviated H2O2-in-
duced reduction in �-catenin-TCF complex formation. Taken
together, these data provide evidence for a novel mechanism of
cross-talk betweenWnt and phosphoinositide-3 kinase signal-
ing whereby �-catenin acts as a pivot between essential down-
stream elements of these signaling pathways, TCF and FOXO,
respectively.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Infection—DL23 cells, DLD1
cells expressing a conditionally active FOXO3a.A3-ER fusion,
were created as described (22). DLD1 human colon carcinoma
cells, DL23 cells, and LS174T human colon carcinoma cells
were maintained in RPMI 1640 supplemented with L-gluta-
mine, penicillin/streptomycin, and 10% fetal calf serum. DL23
cells were treated with 500 nM 4-hydroxy-tamoxifen (4OHT)
for 8, 16, or 24 h to activate the fusion protein. Human embry-
onic kidney 293T cells and Phoenix cells expressing the ampho-
trophe receptor were maintained in Dulbecco’s modified
Eagle’s medium supplemented with L-glutamine, penicillin/
streptomycin, and 10% fetal calf serum.Human embryonic kid-
ney 293T, DLD1, and DL23 cells were transiently transfected
using FuGENE 6 reagent according to themanufacturer (Roche
Applied Science). Total amounts of transfected DNA were
equalized using pBluescript KSII�.

LS174T cells were infected with pBabe-puro or pBabe-
FOXO3a.A3 virus. For virus production Phoenix cells were
transfected using SuperFect transfection reagent (3 mg/ml)
with pBabe-puro or pBabe-FOXO3a.A3. Two days after trans-
fection medium of the transfected Phoenix cells was harvested.
LS174T cells were infected by adding the medium of the Phoe-
nix cells together with 6�g/ml hexadimethrine bromide. Infec-
tion was repeated 6 h after the first round. The day after infec-
tion, cells were seeded in selectionmedium containing 2 �g/ml
puromycin.
Plasmids—The following constructs have been described

before: pMT2-HA-FOXO4 (23), pMT2-HA-FOXO4�DB,
pMT2pCMV.p16INK4A, pCMV.p21WAF1, 6xDBE luciferase
(24), pFOPGLOW-luc, pTOPGLOW (25); pRL-Tk (Tk Renilla
luciferase) was purchased from Promega. FLAG-�-catenin was
a gift fromM. van deWetering (Hubrecht Laboratory, Utrecht,
The Netherlands). Short hairpin RNA were designed and
cloned into pSuperior vector of OligoEngine. Short hairpin

RNA is directed against the following targets: FOXO4Human/
Mouse1,GGAAATCAGTCATATGCAGAA;FOXO4Human/
Mouse2, AAGTTCATCAAGGTTCACAAC; nontargeting
oligo, TTGATGTGTTTAGTCGCTA.
Antibodies—Monoclonal 12CA5 and 9E10 antibodies were

produced using hybridoma cell lines. Monoclonal antibody
�-catenin was obtained from Transduction Laboratories.
Monoclonal FLAG antibody was obtained from Sigma. Poly-
clonal HA antibody was obtained from Santa Cruz Biotechnol-
ogy. The ABC antibody recognizing dephosphorylated �-cate-
nin was generously provided by Mascha van Noort and Hans
Clevers (Hubrecht Laboratory, The Netherlands).
Immunoprecipitation and Western Blots—Non-confluent

cells were lysed in radioimmune precipitation buffer (50 mM
Tris, pH 7.5, 1% Triton X-100, 0.5% deoxycholate, 10 mM
EDTA, 150 mM NaCl, 50 mM NaF, 1 mM sodium vanadate, 1
�g/ml leupeptin, and 0.1 �g/ml aprotinin), and lysates were
cleared for 10min at 14,000 rpmat 4 °C. Lysateswere incubated
for 2 h at 4 °C with either 1 �l of 12CA5 or 9E10 antibody or 7.5
�l of �-catenin antibody and 50 �l of pre-washed protein-A
beads. The immunoprecipitations were washed four times with
radioimmune precipitation buffer and cleared for all liquid, and
25 �l of 1� Laemmli sample buffer was added. Samples were
subjected to SDS-PAGE and transferred to polyvinylidene
difluoridemembrane (PerkinElmer).Western blot analysis was
performed under standard conditions and using the indicated
antibodies.
Luciferase Reporter Assays—DLD1 andDL23 cells were tran-

siently transfected with either a reporter construct bearing
multiple copies of an optimal TCF-binding site (pTOPglow) or
a reporter construct bearing multiple copies of a mutant form
of the optimal TCF-binding site (pFOPglow) (25). DLD1 cells
were cotransfected with HA-FOXO4, HA-FOXO4�DB,
HA-HOXO3a, or a control plasmid. DL23 andDLD1 cells were
treated with 500 nM 4OHT for the indicated times. Luciferase
countswere normalized usingTk-Renilla-luciferase. Cells were
washed twice with phosphate-buffered saline and lysed in pas-
sive lysis buffer, and luciferase activity was analyzed using a lumi-
nometer and a dual-luciferase assay kit according to themanufac-
turer (Promega). The -fold induction of luciferase activity on the
TOPglowconstructwasdividedby the -fold inductionon theFop-
glow construct, and this TCF Optimal Promoter (TOP)/Fake
Optimal Promoter (FOP) ratio was plotted.
Real-time PCR Analysis—The expression of endogenous

TCF target genes in DLD1, DL23, and LS174T cells was deter-
mined by reverse transcription of total RNA followed by real-
time PCR analysis. Total RNA was isolated from DLD1, DL23,
and LS174T cells using the RNAZol procedure (TELTEST,
Inc.). Using the avianmyeloblastosis virus reverse transcriptase
(Promega), single-stranded cDNA was synthesized from the
total RNA. Real-time PCR was performed on an ABI cycler
using Sybr Green (ABI) with the following primer sets: Pitx2
forward, ACGCGAAGAAATCGCTGTG, reverse, CGACGA-
TTCTTGAACCAAACC; Ephrin B2 forward, TGTCCAGAC-
AAGAGCCATG, reverse, TTTATTCCTGGTTGATCCAG-
CAG; Cyclin D1 forward, GCCGAGAAGCTGTGCATCTAC,
reverse, TCCACTTGAGCTTGTTCACCAG; p130 forward,
CTCAGGAATGCACCAAGTGAG, reverse, GCAATAGCC-
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TGGGTTGGATC. Primers for Tspan5 were a gift from N.
Barker (Hubrecht Laboratory, Utrecht, The Netherlands).

RESULTS

FOXO Inhibits �-Catenin/TCF-dependent Transcription—
To investigate whether the interaction between �-catenin and
FOXO would affect the function of �-catenin as a co-activator
of TCF transcriptional activity, we first analyzed the effect of
FOXO activation on �-catenin/TCF-dependent transcription.
To this end we used DL23 cells, which are DLD1 colon carci-
noma cells expressing a conditionally active HA-FOXO3a.
A3-ER fusion protein (26). FOXO3a activity can be switched on
in these cells by treating cells with the estrogen analog 4OHT
(26). Because of amutation in the APC gene, these cells contain
high levels of stabilized �-catenin and thus display high �-cate-
nin/TCF transcriptional activity. Activation of FOXO3a in
these cells, induced by 4OHT treatment, resulted in inhibition
of TCF-dependent transcription as measured by the TOP/FOP
reporter assay (25) (Fig. 1A). Activation of the TOPglow
reporter, which contains multiple copies of an optimal TCF-
binding site, was greatly reduced by activated FOXO, whereas
FOXO had no effect on the FOPglow reporter, which contains
multiple copies of a mutant form of the TCF-binding site (25).
Also, transient expression of FOXO3a and FOXO4 in DLD1
cells strongly inhibited TCF transcriptional activity, suggesting
this effect not to be specific to FOXO3a or the inducible
FOXO3a-A3-ER fusion protein (Fig. 1B). Thus, activation of
FOXOs inhibits the activity of the TCF transcription factor.

Inhibition of TCF transcriptional activity following FOXO
activationmay occur through variousmechanisms. FOXOacti-
vation may result in �-catenin degradation. However, total
�-catenin levelswere not affected by 4OHT treatment (Fig. 1A).
In addition, we also analyzed whether the observed inhibition
of TOP/FOP reporter activity was due to reduced levels of
�-catenin not phosphorylated on its GSK-3 sites (“active”
�-catenin). To determine this pool of �-catenin not phospho-
rylated at its GSK-3 sites, we performed immunoblotting using
the ABC antibody (Fig. 1A, lower panel). Again, similar to total
�-catenin, we did not observe amajor change in dephosphoryl-
ated �-catenin. Recently, the use of antibodies detecting
unphosphorylated �-catenin levels has become a subject of dis-
cussion (27), and it may be argued that the specificity of this
type of antibodies is not sufficient. Irrespective of this discus-
sion, it can be concluded that the observed inhibition of TOP/
FOP reporter activity is not likely the result of increased
GSK-3-mediated �-catenin phosphorylation. The observed
inhibition of TOP/FOP reporter activity following FOXO acti-
vation could also result from FOXO competing with TCF for
binding to the TCFDNA-binding sites present in the TOPglow
reporter.We analyzed in vitro binding of FOXO to known TCF
DNA binding elements. Whereas in vitro the DNA binding
domain of FOXO4 fused to glutathione S-transferase (GST-
FOXO4-DB) did bind to the IRE (T(G/A)TTT motif-contain-
ing insulin-response element) present within the IGFBP-1 pro-
moter, it failed to interact with the TCF-binding sites present
within the Ultrabithorax homeotic gene promoter (14) (data
not shown). This indicates that competition forDNAbinding is
unlikely. Furthermore, in vivo a FOXO4 mutant lacking the

DNA binding domain (FOXO4�DB) was still able to inhibit
�-catenin/TCF transcriptional activity (Fig. 1B). Thus, inhibi-
tion of TCF signaling by FOXOs is independent of FOXODNA
binding activity and therefore not due to direct competition
between FOXO and TCF for binding to the TCF consensus
DNA sequence.

Activation of FOXOs in DLD1 cells causes a cell cycle arrest
in G1 (26). To exclude that the inhibition of TCF signaling by
FOXOs was not secondary to the ability of FOXOs to induce a
cell cycle arrest, we performed the TOP/FOP reporter assay in
the presence of the cell cycle inhibitors p16INK4 or p21WAF1.
Expression of these cell cycle inhibitors inDL23 andDLD1 cells
induced a G1 arrest (data not shown), and this did result in a
partial reduction of TCF-dependent transcription (Fig. 1C),
suggesting that indeed a cell cycle arrest inG1 in these cellsmay

FIGURE 1. FOXO inhibits �-catenin/TCF-dependent transcription. A,
FOXO3a inhibits transcription of the �-catenin-TCF complex. DL23 cells,
DLD1 human colon carcinoma cells expressing a conditionally active
HA-FOXO3a.A3-ER construct, and control DLD1 cells were transfected with
pTOPglow, containing multiple copies of an optimal TCF-binding site, or
pFOPglow, containing multiple copies of a mutant form of a TCF-binding site,
together with Tk-Renilla as an internal control. Cells were treated with 500 nM

4OHT for the indicated times to activate the FOXO3a fusion construct, and
luciferase activity was measured. The ratio of TOP luciferase activity over FOP
luciferase activity was plotted. Data presented are the average (� S.D.) of
three independent experiments, performed in triplicate. �-catenin levels
were analyzed by Western blot. Dephosphorylated �-catenin was analyzed
using ABC antibody. B, DLD1 cells were co-transfected with FOXO3a, FOXO4,
FOXO4�DB, and with pFOPglow, or pTOPglow together with Tk-Renilla.
Luciferase activity was measured after 36 h. Data presented are the average
(� S.D.) of three independent experiments, performed in triplicate. �-Catenin
levels were analyzed by Western blot. C, DLD1 and DL23 cells were trans-
fected with pFOPglow or pTOPglow together with Tk-Renilla. Cells were
cotransfected with a control vector, p16INK4 or p21WAF1. 24 h after 4OHT treat-
ment, luciferase activity was measured. Data presented are the average (�
S.D.) of three independent experiments, performed in triplicate. �-Catenin
levels were analyzed by Western blot.
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contribute to the reduced�-catenin/TCF activity.More impor-
tantly, TCF activity was still further reduced upon activation of
FOXO3a in the DL23 cells (Fig. 1C), indicating that although a
cell cycle arrest may contribute to the inhibition of TCF signal-
ing by FOXO this inhibition cannot account fully for the effect
of FOXO. Thus, FOXO-mediated inhibition is not just second-
ary to the ability of FOXOs to induce a cell cycle arrest in these
cells.

Previously, we showed that �-catenin could bind both
FOXO3a and FOXO4 (1). Similar to FOXO3a, overexpression
of FOXO4 inhibited TCF transcriptional activity, indicating
that the ability of FOXOs to inhibit TCF signaling correlates
with their ability to bind �-catenin. Thus, from these experi-
ments we conclude that the observed inhibition of TOP/FOP
reporter activity following FOXO activation most likely results
from �-catenin binding to FOXO and consequently sequestra-
tion of �-catenin away from TCF.
FOXO Reduces Binding of �-Catenin to TCF—Previously, we

have shown that FOXO binds to armadillo repeat 1–7 of
�-catenin, the same region to which TCF binds (1, 11), suggest-
ing that competition between FOXO and TCF for �-catenin
indeed may occur. To establish more directly whether interac-
tion between FOXO and �-catenin could compete with the
interaction between TCF and �-catenin, we next analyzed
binding between TCF and �-catenin in DL23 cells. Activation
of FOXO3a in DL23 cells by adding 4OHT reduced the inter-
action between�-catenin andTCF4 (Fig. 2A). 4OHT treatment
of the control DLD1 cells did not affect this interaction. Fur-
thermore, time course analysis showed that decreased �-cate-
nin/TCF interaction could already be observed after 8 h of
4OHT treatment (Fig. 2B). This is consistent with the time
course of inhibition of TOP/FOP reporter activity as shown in
Fig. 1A. Next we analyzed interaction of HA-TCF4 and �-cate-
nin in 293T cells. Following stabilization of �-catenin through
LiCl-mediated GSK-3 inhibition, substantial binding of HA-
TCF4 and �-catenin is observed. Co-expression of FOXO4
resulted in reduced HA-TCF4/�-catenin interaction (Fig. 2C).
Taken together these data suggest that FOXO and TCF-4 com-
pete for interaction with �-catenin and that the inhibition of
TCF signaling by FOXO reflects the ability of FOXO to com-
pete with TCF for the interaction with �-catenin. Although the
above provided evidence that FOXOcan compete with TCF for
�-catenin binding, the reverse may also occur. To test whether
TCF can reduce the association between FOXO and �-catenin
we analyzed oxidative stress-induced binding between FOXO4
and �-catenin in the absence or presence of increasing levels of
exogenously expressed TCF (Fig. 2D). Increasing levels of TCF
resulted in loss of stress-induced binding between FOXO4 and
�-catenin, indicating competition occurs in a reciprocal
manner.
Peroxide Stress-induced TCF/�-Catenin Inhibition Is Medi-

ated via FOXO—In DL23 cells FOXO activation occurs after
4OHT treatment. Treatment of cells with oxidative stress also
results in activation of FOXO (18). Furthermore, following
treatment of cells with increasing amounts of oxidative stress
the interaction between FOXO and �-catenin is induced and
transcriptional activity of FOXO is enhanced (1). Thus it is
predicted that cellular oxidative stress will impact onTCF tran-

scriptional activity. Indeed, increasing concentrations of H2O2
resulted in a dose-dependent decrease in TCF transcriptional
activity (Fig. 3A) and a dose-dependent decrease in HA-TCF4
interaction with �-catenin (Fig. 3B). To establish whether the
observed decrease in HA-TCF4 binding to �-catenin after
H2O2 treatment of cells is due to increased interaction of
�-catenin with FOXO following H2O2 treatment of cells, we
made use of small interfering RNA-mediated knockdown of
FOXO4 in 293T cells. H2O2-induced reduction of HA-TCF4-
�-catenin complex formation was largely rescued by small
interfering RNA-mediated knockdown of FOXO4 (Fig. 3C). As
293T cells express both FOXO3a and FOXO4 (28) this seems to
suggest that FOXO4 is themain FOXO interactingwith�-cate-
nin. These results are consistent with a model that FOXO and
TCF compete for �-catenin interaction and that cellular oxida-
tive stress regulates this by diverting �-catenin from TCF to
FOXO.
Inhibition of Endogenous �-Catenin/TCF Target Genes by

Activation of FOXO—Finally, we tested whether expression of
endogenous �-catenin/TCF target genes can be inhibited by
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FIGURE 2. FOXO reduces binding of �-catenin to TCF4. A, DLD1 or DL23
cells were treated with 500 nM 4OHT for 24 h. Endogenous TCF4 was immu-
noprecipitated, and binding of �-catenin to TCF4 was analyzed by immuno-
blotting for �-catenin. B, DLD1 cells were treated with 500 nM 4OHT for 24 h,
and DL23 cells were treated with 500 nM 4OHT for 8, 16, or 24 h. Endogenous
TCF4 was immunoprecipitated, and binding of �-catenin to TCF4 was ana-
lyzed by immunoblotting for �-catenin. C, 293T cells were transfected with
the indicated constructs. HA-TCF4 was immunoprecipitated, and binding of
FLAG �-catenin to TCF4 was analyzed by immunoblotting for �-catenin. D,
293T cells were transfected with FOXO and �-catenin and 1, 3, or 6 �g of TCF.
HA-Foxo was precipitated and binding of �-catenin to FOXO was analyzed by
immunoblotting for �-catenin.
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activation of FOXOs. To this end we compared DL23 and
DLD1 cells induced with 4OHT (Fig. 4A) or LS174T colon car-
cinoma cells infected with either a control virus or a constitu-
tively active FOXO construct, FOXO3a.A3 (Fig. 4B). Quantita-
tive PCRs for several target genes were performed on the
isolated RNA from these cells. As described, FOXO3a activa-
tion in DL23 cells induced the expression of the known FOXO
target gene p130 (Fig. 4A) (26). On the other hand, expression
of cyclin D1 was inhibited (Fig. 4A). Cyclin D1 has been
described as a target gene for the �-catenin-TCF complex (29),
and inhibition of cyclin D1 expression by FOXO has been
described previously (30, 31). Importantly, inhibition of cyclin
D1 expression by FOXO occurs at the transcriptional level (30,
31), although the cyclin D1 promoter does not contain a bona
fide FOXO DNA binding element (31) and inhibition was

shown to be independent of binding
of FOXO to the cyclin D1 promoter
region (30). The cyclin D1 inhibi-
tion can be explained by the compe-
tition of FOXO and TCF to interact
with �-catenin. However, gene
expression regulation often summa-
rizes the action ofmultiple signaling
pathways, and thus cyclin D1 regu-
lation does not necessarily reflect
the status of only TCF and FOXO
signaling or the interaction between
TCF and FOXO. Therefore, to
exclude as much as possible inter-
ference of other signaling pathways
we also analyzed other TCF target
genes. Activation of FOXO3a by
4OHT treatment in DL23 cells also
repressed the mRNA expression of
the TCF target genes Pitx2 (32) and
Ephrin B2 (6) (Fig. 4A). This result
demonstrated that activation of
FOXO3a inhibits the expression of
multiple TCF target genes. To
exclude that the repression of TCF
target genes is specific to the DL23
cells and/or the 4OHT induction
system, we also analyzed the effect
of expression of active FOXO3a in
LS174T colon carcinoma cells. Both
DLD1 and LS174T cells are colon
carcinoma cells with elevated levels
of �-catenin, although the differen-
tiation status of both cell lines is dif-
ferent. LS174T cells harbor mu-
tated �-catenin with wild type APC
and p53, whereas DLD1 cells have
wild type �-catenin but mutant
APC and p53. Again, we observed
repression of Ephrin B2 mRNA lev-
els by FOXO3a (Fig. 4B). Also, the
mRNA expression level of tet-
raspanin-5, a �-catenin/TCF-depen-

dent target gene specific to LS174T as compared with DLD-1
cells,4 was repressed by FOXO3a (Fig. 4B). Thus, FOXO3a can
repress the transcriptional activation of multiple �-catenin/TCF-
dependent target genes in cell types that differ with respect to the
mechanism by which �-catenin is stabilized, and therefore the
effect of FOXO3a on endogenous gene regulation is again likely to
be at the level of �-catenin. Taken together, these data provide
evidence that the interactionbetween�-cateninandFOXOinhib-
its endogenous TCF-dependent gene transcription.

DISCUSSION

The data presented here suggest a model in which �-catenin
provides a link between the WNT signaling pathway and the

4 N. Barker, personal communication.

Scr sh1 sh2

Myc-FOXO4

Tubulin

µM H2O2

β-catenin

A

B

C

FIGURE 3. Peroxide stress-induced TCF/�-catenin inhibition is mediated via FOXO. A, DLD1 cells were
transfected with pTOPglow or pFOPglow, together with Tk-Renilla as an internal control; luciferase activity was
measured after 36 h. Cells were treated with 25, 50, 100, or 200 �M H2O2 overnight after which they were
harvested. The ratio of TOP over FOP is plotted. Data presented are the average (� S.D.) of three independent
experiments, performed in triplicate. �-catenin levels were analyzed by Western blot. B, 293T cells were trans-
fected with the indicated constructs. Cells were treated with 50, 100, or 200 �M H2O2 for 1 h. TCF4 was immu-
noprecipitated, and binding of �-catenin to TCF4 was analyzed by immunoblotting. C, 293T cells were trans-
fected as indicated. Cells were treated with 200 �M H2O2 for 1 h. HA-TCF4 was immunoprecipitated and
binding of FLAG �-catenin to TCF4 after FOXO4 RNA interference was analyzed by immunoblotting for �-cate-
nin. As a control for effectivity of the short hairpin RNA, 293T cells were transfected with 50 ng of Myc-foxo4,
Scrambled RNA interference, FOXO4 short hairpin 1, or FOXO4 short hairpin 2. Cells were scraped in 1�
Laemmli sample buffer and FOXO4 levels were analyzed by immunoblotting.
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oxidative stress/FOXO pathway. We show that FOXO inhibits
TCF-dependent transcription by binding to �-catenin and
therefore functionally competes with TCF. Peroxide stress can
strengthen the interaction between FOXO and �-catenin and
potently inhibit TCF-dependent transcription. Furthermore,
we show that FOXO is important for the peroxide stress-in-
duced inhibition of TCF/�-catenin interaction. Competition
between FOXO and TCF is reciprocal as we also observed a
dose-dependent decrease in stress-induced FOXO/�-catenin
interaction following TCF overexpression. Furthermore, TCF
and FOXObind to the samepart of�-catenin (1) andwe cannot
detect the presence of FOXO in TCF immunoprecipitates.5
Thus, we conclude that FOXO and TCF compete for the same
pool of active �-catenin. Consequently, FOXO can inhibit TCF
and vice versa TCF can inhibit FOXO signaling, and therefore
they act through �-catenin as interdependent negative regula-
tors. It is becoming apparent that the role of �-catenin in reg-
ulating gene transcription is not restricted to TCF. Besides
binding and regulating FOXO, binding of �-catenin to HIF-1�
and c-jun has been reported (33, 34). Kaidi et al. (33) show that
�-catenin can interact with HIF1� in a way similar to FOXO.
During hypoxia the �-catenin/TCF interaction is inhibited
whereas the �-catenin/HIF1� interaction is enhanced. This

leads to higher expression of HIF1� target genes whereby
�-catenin promotes adaptation to hypoxia. Once hypoxia is
being resolved �-catenin binds again to TCF and proliferation
of the cells can be restored. �-Catenin and c-jun also interact,
albeit indirectly via TCF. This creates in a �-catenin-mediated
manner a positive feedback loop increasing the expression of
c-jun. The interaction is phosphorylation (JNK)-dependent and
thus integrates both the JNK and APC/�-catenin pathways
(34).

In addition to regulation of �-catenin-mediated TCF tran-
scriptional activity through the destruction complex, Wnt sig-
naling also regulates so-called non-canonical Wnt signaling
that involves stress-activated kinases like JNK and Nemo-like
kinase. Interesting from the perspective of the negative regula-
tion of TCF activity following oxidative stress as we observed
here, non-canonical signaling also inhibits TCF activity. Thus,
Wnt signaling harbors a built-in control of dampening TCF
activity based upon stress signaling cascades. In contrast to
TCF, JNK through direct phosphorylation of FOXO increases
FOXOactivity (18), suggesting JNK controls a switch fromTCF
inactivation to FOXO activation under conditions of oxidative
stress. However, in JNK�/� cells FOXOexpression still reduces
TCF transcriptional activity, indicating that JNK is at least not
essential.5
A recent study by Funato et al. (35) reported that oxidative

stress results in activation rather than inhibition of TCF tran-
scriptional activity. By interacting with Dishevelled, nucleore-
doxin inhibits Wnt/�-catenin signaling. Peroxide stress
decreases the interaction between nucleoredoxin and Dishev-
elled leading to the stabilization of �-catenin and subsequent
activation of TCF. These results are in contrast to the observa-
tions reported here. A possible explanation for this difference
could reside within the kinetics of the observed effect. Funato
et al. observe a rapid but transient activation of TCF signaling
by peroxide, peaking at 20 min, whereas we and others observe
inhibition after prolonged periods of peroxide stress. However,
a more intriguing possible explanation is suggested by the fact
that Funato et al. employed NIH3T3 cells overexpressing
Dishevelled. Shin et al. (36) showed that similar to our results
�-catenin/TCF signaling is reduced after peroxide stress but
that overexpression of Dishevelled could abrogate the effect of
hydrogen peroxide. Thus, Dishevelled expression appears an
important determinant in the sensitivity of TCF signaling
toward oxidative stress.How this occurs precisely remains to be
determined but could simply be a matter of signal strength. In
that case, following Disheveled overexpression �-catenin levels
would increase to such levels that binding of �-catenin to
FOXOandTCF can be saturated simultaneously and thus com-
petition cannot, or can no longer, occur.

Irrespective, these results further corroborate the notion that
�-catenin/TCF signaling is tightly controlled by cellular oxida-
tive stress. Similar to FOXO, both c-jun and HIF-1� are regu-
lated by oxidative stress pathways. It can be concluded that
under oxidative stress conditions it is apparently important for
cells to diverge from TCF to FOXO and probably other (c-jun,
HIF-1�) stress-regulated transcriptional programs. Being the
commonality, this suggests an important role for �-catenin in
stress regulation; consistent with this idea, we observed previ-5 D. Hoogeboom, E. Voets, and B. Burgering, data not shown.

FIGURE 4. Inhibition of endogenous �-catenin/TCF target genes by acti-
vation of FOXO. A, DLD1 and DL23 cells were treated with 500 nM H2O2 for
24 h. RNA was isolated, and quantitative PCRs were performed for p130,
cyclinD1, ephrin B2, and pitx2. The -fold induction is indicated. B, LS174T
colon carcinoma cells were infected with a control virus or FOXO3a.A3. RNA
was isolated, and a quantitative PCR for ephrin B2 and Tspan5 was performed.
The -fold induction is indicated.
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ously in C. elegans that BAR-1, the C. elegans �-catenin homo-
logue, regulates resistance against oxidative stress independent
of its binding to POP-1, the TCF homologue in C. elegans (1).
Finally, our data establish a potential point of interaction

between insulin/IGF1 signaling andWnt signaling. In contrast
to cellular oxidative stress, insulin does not substantially affect
�-catenin FOXO interaction, at least asmeasured by co-immu-
noprecipitation.6 Indeed, it has been shown that insulin/insu-
lin-like growth factor can inhibit Wnt signaling at the level of
�-catenin (37, 38). Several other studies have explored the pos-
sibility that insulin/ insulin-like growth factor 1 would influ-
ence �-catenin by activation of protein kinase B/Akt and inhi-
bition of GSK-3 (39, 40). However, although these studies did
indicate that insulin/insulin-like growth factor 1 to some extent
may regulate TCF activity, the involvement of protein kinase
B-regulated GSK-3 activity appeared unlikely. This has led to
the suggestion that different pools of GSK-3 may exist and that
these pools are restricted to eitherWnt or insulin signaling (40,
41). To fully appreciate the interaction between insulin and
Wnt signaling clearly requires further studies.

Acknowledgments—We thank dr. Nick Barker (Hubrecht Laboratory)
for sharing unpublished data. We thank A. Szypowska for the pSuper
shRNA.We thankDr. TobiasDansen for critical reading of themanu-
script and all members of the Burgering laboratory for helpful
discussions.

Note Added in Proof—While this paper was in its final stage of sub-
mission, Almeida et al. reported similar findings (Almeida, M., Han,
L., Martin-Millan, M., O’Brien, C. A., and Manolagas, S. C. (2007)
J. Biol. chem. 282, 27298–27305).
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Forkhead box O (FOXO) transcription factors are regulated via posttranslational 
modifications. FOXO activity is inhibited via protein kinase B (PKB/AKT) mediated 
phosphorylation at three specific phosphorylation sites (1-3) . An opposing role has 
been established for the Ral/JNK pathway. Upon increased levels of reactive oxygen 
species (ROS) FOXO is activated by JNK-mediated phosphorylation (4) and in addi-
tion ROS induce FOXO interaction with accessory proteins. We recently showed that 
upon hydrogen peroxide treatment FOXO4 interacts with b-catenin thereby enhancing 
FOXO4 activity (5). In this study we sought to understand the role of posttranslational 
modifications in mediating the FOXO4/b-catenin interaction. We observed that spe-
cifically dephosphorylation of FOXO4-serine 258  is of  importance for b-catenin to 
interact. Activation of protein phosphatase 2A (PP2A) through the small GTPase Ral 
results in dephosphorylation of FOXO4-S258. Furthermore, we show that  methylation 
by PRMT1 prevents the rephosphorylation of FOXO4 by PKB and thereby enhances 
FOXO4 interaction with  b-catenin. All together we propose a model whereby, under in-
creased ROS signalling, regulation of different types of posttranslational modifications 
act in concert to mediate the interaction between FOXO4 and b-catenin. 

Introduction
Members of the Forkhead Box O (FOXO) family of transcription factors, FOXO1, FOXO3a, 
FOXO4 and FOXO6 regulate many biological processes, such as cell cycle progression, 
DNA damage repair, oxidative stress resistance, longevity and apoptosis. FOXO activity is 
regulated through many posttranslational modifications (PTMs) and dependent on the type 
of signalling cues experienced by the cell. Phosphorylation represents one of the best studied 
PTMs for FOXO. Activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB/
AKT) pathway upon treatment of cells with insulin or other growth factors results in direct 
phosphorylation of FOXO by PKB on three conserved residues (Thr28, Ser193 and Ser258 
(FOXO4 numbering) (1-3,6-11). This phosphorylation results in FOXO being transported 
out of the nucleus and kept inactive by binding to 14-3-3 protein (2,8). In addition phospho-
rylation of FOXO by PKB is a signal for poly-ubiquitination by the E3 ubiquitin ligase skp2 
and this results in its proteosomal degradation (12). Positive regulation of FOXO is mediated 
via the evolutionary conserved JNK pathway. JNK has been shown to phosphorylate dFOXO 
and DAF16 in D. melanogaster and C.elegans respectively and this resulted in an increase of 
dFOXO/Daf16 dependent lifespan (13,14). For FOXO4 we have shown that upon reactive 
oxygen species (ROS) signalling the small GTP-ase Ral is activated and through an un-
known mechanism this results in JNK-mediated phosphorylation and activation of FOXO4 
(4). It was shown recently that some of the PKB phosphorylation sites of both FOXO1 and 
FOXO3a are being dephosphorylated by protein phosphatase 2A (PP2A) rendering them free 
to relocate to the nucleus and induce transcription (15,16). However, studies on PP2A thus 
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far differ in the details concerning susceptibility of the different PKB phosphorylation sites 
towards PP2A mediated dephosphorylation as well as the precise mechanism whereby PP2A 
reactivates FOXO. In part, this is because of the ability of PP2A to dephosphorylate PKB as 
well. Therefore, it is difficult under some experimental conditions to discriminate between 
direct and indirect PP2A effects on FOXO. Interestingly PP2A has also been shown to inter-
act with Ral(17) and as such may not only inhibit negative PKB regulation of FOXO but also 
partake in positive, Ral-dependent signalling towards FOXO. 
PTMs oftentimes are co-regulated and recently, arginine methylation was described as a no-
vel PTM on FOXO involved in inhibiting PKB-mediated phosphorylation (18). Arginine me-
thylation can be catalysed by a family of enzymes  called protein arginine methyl transferases 
(PRMTs). PRMTs are a family of 11 proteins that are divided into two groups depending 
on the type of methylation catalysed. Type I enzymes catalyse the formation of asymmetric 
dimethyl arginine methylation while type II enzymes catalyse symmetric dimethyl arginine 
methylation. Methyl groups from S-adenosylmethionine (SAM) are transferred to the gua-
nidine nitrogen of arginine via an enzymatic reaction catalysed by PRMTs (19-22). PRMT1 
belongs to the type I group of enzymes and is the most important type I PRMT in mam-
malian cells. In human cells PRMT1 accounts for up to 85% of arginine methylation reacti-
ons (23). Arginine methylation plays an important role in several cellular processes such as 
transcriptional regulation, signal transduction, DNA repair and protein-protein interactions. 
How activity of PRMTs is exactly regulated is still unclear. However it was recently shown 
that phosphorylation of is involved in regulating its activity (24). Methylation of proteins by 
PRMT1 occurs mainly at preferred methylation sites containing glycine arginine rich (GAR) 
sequences, especially  in RGG or RXR context (20,25-27). Interestingly among the preferred 
methylation sites is the consensus PKB phosphorylation motif RXRXXS/T. Methylation of 
FOXO1 at arginines close to its PKB phosphorylation site results in decreased phosphoryla-
tion and hence enhanced activation of the FOXO protein (18). Thus, besides PP2A, PRMT1-
mediated arginine methylation is a mean to regulate PKB phosphorylation of FOXO.
Recently we described b-catenin as a ROS-dependent FOXO interaction partner (5). Origi-
nally, b-catenin was shown to play an important role in canonical Wnt signalling by interac-
ting with and activating TCF/LEF transcription factor and inducing transcription of Wnt tar-
get genes involved in cell growth and differentiation. b-catenin is stabilised and translocated 
to the nucleus upon Wnt signalling by preventing its phosphorylation by GSK-3b and CK1, 
its ubiquitination mediated by b-TrCP and subsequent proteosomal degradation (reviewed in 
(28-30). Deregulation of Wnt signalling due to either mutations in b-catenin or loss of APC 
function results in stabilisation of b-catenin, increased nuclear localisation and enhanced 
activation of TCF transcription eventually resulting in tumour formation (31-33). However, 
increased ROS in a FOXO-dependent manner can inhibit TCF/b-catenin (34) (35)). Thus 
b-catenin can be diverted from TCF towards FOXO4 and vice-versa depending on the type 
of signal e.g. Wnt or ROS (reviewed in(36)). In this study we examined the mechanism 
involved in mediating the FOXO4/b-catenin interaction. We explored the posttranslational 
modifications important for this interaction and how these are integrated in mediating the 
interaction. We observed that FOXO4 dephosphorylated at serine 258 displays enhanced 
interaction with b-catenin. We show that PP2A is able to dephosphorylate FOXO4 at serine 
258 both in vitro and in vivo. In addition we observed that Ral as previously reported (17) 
binds the PR65A the catalytic subunit of PP2A and that in agreement Ral is required for 
binding of b-catenin to FOXO4. Turnover of phosphorylated ser258 is further regulated by 
the methyltransferase PRMT1. As previously shown for FOXO1, PRMT1 binds FOXO4 in 
a ROS-dependent manner and prevents phosphorylation of FOXO4 by PKB. Importantly, 
PRMT1 only efficiently methylates dephosphorylated FOXO4. Thus, our results define a 
mechanism whereby the binding of b-catenin to FOXO4 is determined by the turnover of 
phosphorylated ser258 of FOXO4. 
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Experimental procedures
Cell culture, transfection- HEK293T and JNK9-/- MEF cells were maintained in Dulbecco’s 
Modified Eagle Medium supplemented with L-glutamine, penicillin/streptomycin and 10% 
FCS. DLD1 human colon carcinoma cells were maintained in RPMI-1640 supplemented with 
L-glutamine, penicillin/streptomycin and 10% FCS. HEK293T, JNK9-/- MEF and DLD1 
cells were transiently transfected using FuGENE6 reagent according to the manufacturer 
(Roche). Total amounts of transfected DNA were equalized using pBluescript KSII+. siRNA 
was transfected using hiPerfect transfection reagent according to the manufacturer (Qiagen)
Plasmids- The following constructs have been described before: pMT2-HA-FOXO4 (3), 
6xDBE luciferase (Furuyama), pRL-Tk (Tk renilla luciferase) was purchased from Promega. 
Flag-b-catenin was a gift from M. van de Wetering (Hubrecht Laboratory, Utrecht, The Net-
herlands). on target-plus RalA1, RalA3 and PRMT1 smartpool siRNA were purchased from 
Dharmacon.
Antibodies- Monoclonal flag antibody was obtained from Sigma, polyclonal HA antibody 
was obtained from Santa Cruz, monoclonal 12CA5 was produced using hybridoma cell lines, 
polyclonal FOXO4 pT28, polyclonal FOXO1/4 P319/258 and monoclonal PRMT1 antibody 
were obtained from cell signalling, monoclonal Ral antibody was obtained from BD Trans-
duction Laboratories, FOXO4 pS226  antibody was generated by immunising rabbits with 
peptides CKAPKKKPSVLPAPPEGA-pT-PT-pS-PVG, 3H-methyl antibody, 3H-methyl-H3 
antibody was obtained from Abcam.
Immunoprecipitation and western blots- Non-confluent cells were lysed in NP40 buffer (50 
mM Tris pH 7.5, 1% NP40, 10 mM EDTA, 150 mM NaCl, 50 mM NaF, 1 µg/ml leupeptin 
and 0.1 µg/ml aprotinin), and lysates were cleared for 10 minutes at 14000rpm at 4°C. Lysa-
tes were incubated for 2 hours at 4°C with either 1 µl 12CA5 or Flag M2-beads (Sigma). The 
immunoprecipitations were washed four times with NP40 buffer, cleared for all liquid, and 
25 µl of 1x laemmli sample buffer was added. Samples were subjected to SDS-PAGE and 
transferred to PVDF membrane (PerkinElmer). Western blot analysis was performed under 
standard conditions and using the indicated antibodies.  
Peptide pulldowns-Non-confluent cells were lysed in 50mM Tris-HCl ph8, 150mM NaCl, 
0.5% NP40, 10uM ZnCl2, 0.5uM PMSF, 0.5uM DTT, Aprotinin and leupeptin and lysates 
were cleared for 10 minutes at 14000rpm at 4°C. Lysates were incubated for 4 hours at 4°C 
with  biotin tagged peptides bound to streptavidin-beads. Beads were washed 4 times with 
buffer cleared for all liquid, and 25 µl of 1x laemmli sample buffer was added. Samples were 
subjected to SDS-PAGE and transferred to PVDF membrane (PerkinElmer). Western blot 
analysis was performed under standard conditions and using the indicated antibodies.  
Kinase assay- GST-FOXO4 was precoupled to GA-beads for 60 minutes in buffer (50mM 
Tris-HCl pH 7.5, 50mM NaCl, 5mM b-mercaptoethanol). Beads were washed twice with 
kinase buffer without ATP (20mM HEPES pH 7.5, 5mM MgCl2, 1mM DTT). Recombinant 
PKB and SGK were dissolved in kinase buffer with 50uM ATP and 5mCi γATP/sample and 
added to GST-FOXO4 for 30 minutes at 30°C. Beads were cleared and 1x laemmli sample 
buffer was added. Samples were subjected to SDS-PAGE and transferred to PVDF mem-
brane (PerkinElmer). Western blot analysis was performed under standard conditions and 
using the indicated antibodies.  
phosphatase assays-293T cells were transfected with HA-FOXO4 using FuGENE6 6 accor-
ding to the manufacturer. Cells were lysed in NP40 buffer (50 mM Tris pH 7.5, 1% NP40, 10 
mM EDTA, 150 mM NaCl, 50 mM NaF, 1 µg/ml leupeptin and 0.1 µg/ml aprotinin), and ly-
sates were cleared for 10 minutes at 14000rpm at 4°C. Lysates were incubated for 2 hours at 
4°C with 1 µl 12CA5/sample. The immunoprecipitations were washed four times with NP40 
buffer, cleared for all liquid, and recombinant PP2A in phosphatase buffer (20mM Tris-HCl 
pH 7.5, 1mM DTT, 1mM EDTA) was added for 30 minutes at 30°C. Beads were cleared and 
1x laemmli sample buffer was added. Samples were subjected to SDS-PAGE and transfer-
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red to PVDF membrane (PerkinElmer). Western blot analysis was performed under standard 
conditions and using the indicated antibodies.  
Methylation assays- Recombinant PRMT1 was combined with GST-FOXO4 in PBS and 3H-
sam was added. Sample was left for 2hrs at 30°C gently shaking. Samples were subjected to 
SDS-page. Gel was dried and exposed to film.
Luciferase reporter assays- NIH3T3 cells were transiently transfected with 6XDBE, pBlues-
cript and HA-FOXO4. Luciferase counts were normalized using Tk-renilla-luciferase. Cells 
were washed twice with PBS, lysed in passive lysis buffer (PLB) and luciferase activity was 
analyzed using a luminometer and a dual-luciferase assay kit according to the manufacturer 
(Promega). 

Results
Loss of PKB-mediated Ser258 phosphorylation results in increased FOXO4/b-catenin inter-
action- Previously we have shown that the c-terminal transactivation part of FOXO4 is ne-
cessary for the interaction with b-catenin (5). Therefore, to further analyse the requirements 
for b-catenin binding to FOXO4, we used a series of deletion and point mutants of the c-ter-
minal region of FOXO4 to determine the requirements for this interaction. Deletion mapping 
indicated the region encompassing aa 266 to 415 of FOXO4 to be important for binding of b-
catenin (fig 1A). In addition, we observed that close to this region mutation of the third PKB 
phospho-acceptor site serine 258 to alanine (S258A) resulted in a consistent increase in basal 
interaction between b-catenin and FOXO4 (fig 1B). Following increased cellular ROS, gene-
rated by hydrogen peroxide treatment of cells, the binding of b-catenin to the S258A mutant 
was still increased. This suggested dephosphorylation of FOXO4-ser258 to be required for 
efficient binding of b-catenin, and that ser-258 dephosphorylation is a major requirement but 
probably not the only for ROS-induced binding. In agreement with the above expression of 
a serine-258 phospho-mimicking mutant of FOXO4 (S258D) results in decreased interaction 
with b-catenin even when peroxide stress is applied to the cells (fig.1C). To elucidate whether 
the ROS induced binding is dependent on phosphorylation of FOXO4 we performed a GST-
FOXO4 pulldown. We found that the b-catenin GST-FOXO4 interaction was not dependent 
on hydrogen peroxide treatment of b-catenin (fig. 1D). This result implies that the effect 
of ROS dependent interaction is mediated via  changes in phosphorylation on FOXO4. To 
further substantiate this observation we synthesised a biotin-tagged peptide encompassing 
ser-258 and the same peptide but with a phosphorylated ser-258 residue for comparison. 
Protein pull-down experiments using these peptides showed specific pulldown of b-catenin 
with the non-phosphorylated peptide (fig. 1E). Because ser-258 is phosphorylated in vivo by 
PKB we also analyzed whether the other two PKB sites have a role in the FOXO4/b-catenin 
interaction. FOXO4-Thre28 and FOXO4-Ser193 do not play a major role in the binding of 
FOXO4 to b-catenin, as mutating these sites to alanine does not influence interaction with 
b-catenin (data not shown). From these results we conclude that dephosphorylation of serine 
258 is a major requirement for FOXO4 and b-catenin to interact.

PP2A dephosphorylates FOXO4 and affects b-catenin FOXO4 interaction- Since efficient 
b-catenin binding requires ser-258 dephosphorylation of FOXO4 we next explored how ser-
258 phosphorylation turnover is regulated and how this may affect b-catenin binding. The 
phosphatase PP2A has been described to dephosphorylate the PKB sites of FOXO1 (16) as 
well as FOXO3a (15). Thus, we next investigated whether PP2A could also dephosphory-
late the PKB sites of FOXO4. PP2A, but not PP1C could dephosphorylate in vitro Thr28 of 
FOXO4 (fig.2A upper panel). Furthermore, this dephosphorylation appears to be specific for 
the PKB sites, as the JNK phosphorylation sites remain phosphorylated (fig.2A lower panel). 
Thus FOXO4, similar to FOXO1 and FOXO3a can be dephosphorylated by PP2A. To test 
whether PP2A is involved in dephosphorylation of Ser258 of FOXO4 we performed 
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Figure 1: Loss of PKB-mediated Ser258 phosphorylation results in increased FOXO/b-catenin 
interaction
A. HEK293T cells were transfected with Flag-b-catenin and HA-FOXO4 deletion mutants. 200mM 
H2O2 was applied for 1 hour to the indicated samples. Lysates were immunoprecipitated with anti-flag 
beads, followed by immunoblotting with anti-HA and anti-Flag antibodies. B. HEK293T cells were 
transfected with Flag-b-catenin and HA-FOXO4 or HA-FOXO4-S258A. 200mM H2O2 was applied 
for 1 hour to the indicated samples. Lysates were immunoprecipitated with anti-flag beads, followed 
by immunoblotting with anti-HA and anti-Flag antibodies. C. HEK293T cells were transfected with 
Flag-b-catenin and HA-FOXO4 or HA-FOXO4-S258D. 200mM H2O2 was applied for 1 hour to the 
indicated samples. Lysates were immunoprecipitated with anti-flag beads, followed by immunoblotting 
with anti-HAand anti-Flag antibodies. D. HEK293T cells were transfected with Flag-b-catenin and 
lysates were added to biotin tagged FOXO4-258 or FOXO4-285p peptides. Peptides were pulled down 
with magnetic streptavidin beads followed by immunoblotting with anti-Flag and anti-258 antibody.
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a pulldown of HA-FOXO4 from whole cell lysates and added recombinant PP2A and heat-
inactivated recombinant PP2A. Indeed, incubation with active PP2A, but not inactive PP2A 
resulted in dephosphorylation of ser-258 of FOXO4 (Fig.2B) suggesting PP2A to counteract 
in general PKB-mediated phosphorylation of FOXO. To further substantiate a role for PP2A 
in counteracting PKB regulation of FOXO4 in vivo we treated cells with okadaic acid, a 
PP2A inhibitor, and analyzed FOXO4 activity. Treatment of cells with okadaic acid resulted 
in reduced FOXO4 activity (Fig.2C). Furthermore and, in agreement with 258 phosphoryla-
tion regulating b-catenin interaction, FOXO4/b-catenin interaction was decreased after oka-
daic acid treatment (fig.2D). Taken together, these data show that PP2A regulates turnover 
of phosphorylated ser-258 of FOXO4, and this not only results in increased activation of 
FOXO4 but also in enhanced interaction with b-catenin. 

Regulation of Ser258 phosphorylation and FOXO4/b-catenin interaction by the methyltrans-
ferase PRMT1- The PKB phosphorylation sites of FOXOs adhere to the consensus sequence 
for PKB phosphorylation i.e. RXRXXS/T (37). During the course of our study it was shown 
that arg-248 and -250 within the FOXO1 consensus, encompassing the PKB site (R(248)
XXR(250)XS(253), are subject to methylation by the methyltransferase PRMT1 (18). In ad-
dition, increased cellular oxidative stress induces PRMT1 binding to FOXO1 and mediates 
methylation on Arg-248 and Arg250 in FoxO1. Methylation on these sites abrogates PKB 
mediated phosphorylation on Ser-253. Consequently, these data suggest a role for PRMT1 
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Figure 2: PP2A dephosphorylates FOXO4 and affects b-catenin FOXO4 interaction 
A. HEK293T cells were transfected with HA-FOXO4. Recombinant PP2A and PP1C were added to 
the lysates for 30 min at 37C followed by immunoblotting with anti-pT28 and anti-p226. B.  HEK293T 
cells were transfected with HA-FOXO4 or HA-FOXO4-S258A. Recombinant PP2A and PP2A boiled 
for 5 minutes were added to the lysates for 30 min at 37C followed by immunoblotting with anti-pS258 
and anti-HA. C. DLD1 cells were transfected with a 6XDBE construct and pcDNA or HA-FOXO4 and 
treated with OA for 4hr as indicated. Luciferase was measured after 48hr.
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Figure 3: Regulation of Ser258 phosphorylation and FOXO4/b-catenin interaction by the methyl-
transferase PRMT1
A. HEK293T cells were transfected with Flag-FOXO4 and HA-PRMT1. 200mM H2O2 was applied for 
1 hour to the indicated samples. Lysates were immunoprecipitated with anti-Flag beads, followed by 
immunoblotting with anti-HA and anti-Flag antibodies.  B. Recombinant PRMT1 was combined with 
GST-FOXO4 or histone H3 in PBS and 3H-sam was added. Sample was left for 2hrs at 30°C gently 
shaking. Samples were subjected to SDS-page. Gel was dried and exposed to film. C. HEK293T cells 
were transfected with HA-PRMT1 or pBluescript and indicated samples were treated with 200mM 
H2O2 for 1hr. TL were added to histone H3 and 3H-SAM was added. Sample was left for 2hrs at 30°C 
gently shaking. Samples were subjected to SDS-page. Gel was dried and exposed to film. D. HEK293T 
cells were transfected with PRMT1-RNAi  or scrambled-RNAi and co-transfected with Flag-m-catenin 
and HA-FOXO4. 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were im-
munoprecipitated with anti-Flag beads, followed by immunoblotting with anti-HA, anti-Flag and anti-
p258 antibodies. E. HEK293T cells were transfected with Flag-b-catenin, HA-FOXO4 and PRMT1 as 
indicated. 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were immunopre-
cipitated with anti-Flag beads, followed by immunoblotting with anti-HA and anti-Flag antibodies. F. 
GST-FOXO4 was phosphorylated by recombinant PKB or SGK in vitro. After the phosphorylation 
assay recombinant PRMT1 was combined with GST-FOXO4 or histone H3 in PBS and 3H-sam was 
added. Sample was left for 2hrs at 30°C gently shaking. Samples were subjected to SDS-page. Gel was 
dried and exposed to film.

D

E

B 

3H-methyl-H3

H2O2

PRMT1 ++

+ +

H3 ++ ++

C

HA-FOXO4

H2O2
HA-PRMT1
HA-FOXO4
Flag-β-catenin

++
++

+ + +
+ +

+ +
+ +

HA-FOXO4
HA-PRMT1

Flag-β-catenin

Flag-β-catenin

ip Flag

TL

PRMT1

3H-methyl-FOXO4

GST-FOXO4
+ +

+

PRMT1 + +

3H-methyl-H3

H3 +HA

Flag

HA

Flag

ip
Flag

TL

H2O2
HA-PRMT1
Flag-FOXO4
pBluescript

+

+
+

+
+

+ +

A

PRMT1

HA

Flag

H2O2
HA-FOXO4
Flag-β-catenin

pBluescript

++
+ + + +

+ + + +
+

HA

Flag

PRMT1 
RNAi

Scr
RNAi

ip Flag

TL

p-S258

F

GST-FOXO4
ATP

PKB/AKT
SGK +

_

2. IVM

+
++

+

pT28
GST-FOXO4

GST-FOXO4
3H-methyl

1. IVK

PRMT1 + ++

+ ++

  Chapter 4

64



in regulating ser-258 phosphorylation of FOXO4 and hence the interaction with b-catenin. 
We could confirm an interaction between PRMT1 and FOXO4 and this interaction was in-
creased after the addition of hydrogen peroxide to the cells indicating the interaction to be 
ROS dependent (fig.3A). In addition PRMT1 can methylate FOXO4 in vitro (fig.3B up-
per panel), and increased cellular ROS likely regulates methyltransferase activity towards 
FOXO4 through the regulation of binding, as increased ROS does not affect methyltransfera-
se activity of PRMT1 as measured in vitro towards Histone H3 (fig.3C). We then tested the 
involvement of PRMT1 in regulating the interaction between FOXO4 and b-catenin. siRNA 
mediated loss of PRMT1 expression resulted in increased ser-258 phosphorylation and in 
agreement also impaired the FOXO4/b-catenin interaction (fig.3D). However, overexpres-
sion of PRMT1 did not result in increased b-catenin interaction (fig.3E). We interpret these 
data to indicate that PRMT1 binding to FOXO4 indeed regulates the turnover of ser-258 
phosphorylation, but that ser-258 dephosphorylation precedes arginine methylation and that 
apparently dephosphorylation is rate-limiting in this process. To test this further we analysed 
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Figure 4: Involvement of Ral in the FOXO4/b-catenin interaction
A. HEK293T cells were transfected with Flag-b-catenin, HA-FOXO4 and HA-RalN28 as indicated . 
200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were immunoprecipitated with 
anti-Flag beads, followed by immunoblotting with anti-HA and anti-Flag antibodies. B. HEK293T 
cells were transfected with Ral-RNAi  or scrambled-RNAi and co-transfected with  Flag-b-catenin 
and HA-FOXO4. 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were im-
munoprecipitated with anti-Flag beads, followed by immunoblotting with anti-HA, anti-Flag and anti-
p258 antibodies. C. HEK293T cells were transfected with Flag-b-catenin, HA-FOXO4, HA-Rlf-caax 
and HA-RlfΔcat-caax as indicated . 200mM H2O2 was applied for 1 hour to the indicated samples. 
Lysates were immunoprecipitated with anti-Flag beads, followed by immunoblotting with anti-HA and 
anti-Flag antibodies
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the ability of PRMT1 to methylate phosphorylated compared to unphosphorylated FOXO4. 
PRMT1-mediated methylation of GST-FOXO4 purified from bacteria, was indeed inhibi-
ted by prior incubation with either recombinant active PKB or SGK in vitro (fig.3F). Thus, 
whereas methylation by PRMT1 inhibits PKB-mediated phosphorylation ((18) and data not 
shown) reversely PKB-mediated phosphorylation inhibits PRMT1 dependent methylation. 
Therefore, PRMT1-dependent regulation of FOXO4 requires PP2A mediated dephosphory-
lation

Involvement of Ral in the FOXO4/b-catenin interaction- Previously we have shown that 
upon increased ROS levels the Ral/JNK pathway activates FOXO via phosphorylation of 
specific phosphorylation sites and that this opposes similar to PP2A, PKB-mediated regulati-
on (4). Because the FOXO4/b-catenin interaction occurs ROS dependently (5,34,35) we next 
studied the role of the Ral/JNK pathway in mediating the interaction between FOXO4 and 
b-catenin thereby counteracting PKB-mediated ser-258 phosphorylation. To test whether Ral 
is necessary for FOXO4 and b-catenin to interact we expressed a dominant-negative version 
of Ral, RalN28 (38), and this inhibited interaction between FOXO4 and b-catenin (fig. 4A).
Then we made use of siRNA-mediated knockdown of Ral and again this resulted in impaired 
FOXO4/b-catenin interaction (fig.4B). More importantly, siRNA against Ral resulted in de-
creased dephosphorylation of FOXO4 after hydrogen peroxide treatment thereby linking Ral 
to the dephosphorylation of FOXO4. To investigate whether activation of Ral is sufficient 
to drive the interaction between FOXO4 and b-catenin, we co-expressed a constitutively 
active version of the Ral guanine nucleotide exchange factor Rlf(38). Rlf-CAAX mediated 
activation of Ral did not induce the basal interaction between FOXO4 and b-catenin but 
enhanced binding after hydrogen peroxide treatment (fig.4C). Co-expression of the inac-
tive Rlf-Δcat-CAAX decreased the FOXO4/b-catenin interaction similar to Ral siRNA and 
RalN28 expression. These data implicate that Ral is required for, but Ral activation by itself 
is not sufficient to induce the interaction between FOXO4 and b-catenin.

JNK-mediated FOXO4 phosphorylation is not essential for FOXO4/b-catenin interaction- 
The stress kinase, c-jun N-terminal kinase (JNK) is important in mediating ROS-induced 
Ral-dependent FOXO4 activation (38). To investigate whether the effect of Ral on FOXO4/b-
catenin interaction is mediated via JNK we performed co-immuno precipitations in JNK9-/- 
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Figure 5: JNK-mediated FOXO4 phosphorylation is not essential for FOXO4/b-catenin interac-
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A. JNK9-/- MEF cells were transfected with Flag-b-catenin, HA-FOXO4 and HA-Rlfcaaax as indica-
ted . 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were immunoprecipitated 
with anti-Flag beads, followed by immunoblotting with anti-HA and anti-Flag antibodies. B. HEK293T 
cells were transfected with Flag-b-catenin, HA-FOXO4 and HA-FOXO4-Δ4 as indicated . 200mM 
H2O2 was applied for 1 hour to the indicated samples. Lysates were immunoprecipitated with anti-Flag 
beads, followed by immunoblotting with anti-HA and anti-Flag antibodies.
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cells. In these cells we detected interaction between FOXO4 and b-catenin and activation of 
Ral via co-transfection of Rlf-caax enhanced the interaction (fig.5A). To exclude interference
of other kinases that might phosphorylate FOXO4 at its JNK-phosphorylation sites (T447/
T451/S223/S226) we made use of a FOXO4A mutant that has all four sites mutated to alani-
nes. Co-immuno precipitations show that b-catenin was interacting with the FOXO4A mu-
tant to the same extend as wild type FOXO4 (fig. 5B). Together these data indicate that JNK 
is likely not involved in mediating the interaction between FOXO4 and b-catenin. 

Linking Ral to other downstream effectors- Besides JNK, Ral can link to various other down-
stream effectors (see for review (39). Importantly for our study Ral has been shown to in-
teract with PP2A (17), albeit that it is suggested that this interaction serves to regulate Ral 
phosphorylation and activity rather than to target PP2A to specific substrates.  
By performing coimmuno precipitations we could confirm the interaction between Ral and 
PR65A (fig. 6A). Furthermore we found a direct interaction between PR65A and FOXO4 (fig. 
6B). As both Ral RNAi and PRMT1 RNAi led to decreased interaction between FOXO4 and 
b-catenin we wondered whether PRMT1 might also be downstream of Ral. Co-transfection 
of Rlf-Δcat-caax inhibits the interaction between FOXO4 and b-catenin (fig.2C). However 
when PRMT1 is overexpressed in the presence of Rlf-Δcat-caax FOXO4 and b-catenin in-
teraction can be restored (fig.6C). Additionally we performed PRMT1 RNAi and did a co-ip 
between FOXO4 and b-catenin in the presence of rlfcaax. PRMT1 RNAi prevents FOXO4 
and b-catenin to interact while overexpression of rlfcaax in combination with PRMT1 RNAi 
rescued the interaction (Fig.6D). These data suggest that Ral and PRMT1 both play a role 
in mediating the FOXO4/b-catenin interaction, however they do so in parallel pathways as 
both overexpression of PRMT1 in absence of  Ral as overexpression of Ral in absence of 
PRMT1 can rescue the interaction. This can be explained by their different approach in me-
diating dephosphorylation of FOXO4. PP2A is involved in dephosphorylation of FOXO4 
while PRMT1 adds a dimethylgroup close to the PKB consensus motif thereby preventing 
rephosphorylation of FOXO4. By overexpression of one in absence of the other the balance 
of phosphorylation/dephosphorylation can still be shifted in favour of  the FOXO4/b-catenin 
interaction albeit this might be less effective compared to when both are present.

Discussion
Here we analysed in detail the regulation of b-catenin binding to FOXO4. Using deletion 
mapping we were able to narrow the site of interaction between FOXO4 and b-catenin to 
a region stretching from amino acids 266 to 415. Interestingly, our analysis reveals that the 
interaction between FOXO4 and b-catenin is highly dependent on the phosphorylation status 
of FOXO4 serine 258 located adjacent to this region. Interestingly, in FOXO1 this site has 
been desribed to be an important phosphorylation site as IGF-1 stimulated s319 phosphoryla-
tion primes two other residues on FOXO1, Ser322 and Ser325, for phosphorylation by CK1 
(40). Phosphorylation of Ser319 is necessary to form a consensus sequence for phosphory-
lation of Ser322 by CK1 which in its turn is a priming site for phosphorylation of Ser325. A 
fourth serine residue, Ser329 is phosphorylated by another kinase DYRK1a thus resulting in 
a highly acidic stretch. However as DYRK1a has been described to be a constitutively active 
kinase the relevance of this phosphorylation remains to be elucidated. The four residues 
Ser319, Ser322, Ser325 and Ser329, are highly conserved in FOXO1 and FOXO4 (Ser258, 
Ser263, Ser265 and Ser268). Phosphorylation of all four sites results in enhanced interaction 
of FOXO with the Ran-complex resulting in translocation of FOXO from the nucleus to the 
cytoplasm. Thus regulation of FOXO4-S258 phosphorylation plays a central role in both in-
sulin signalling and ROS response deciding whether the protein is active or not depending on 
its phosphorylation status. Loss of phosphorylation by mutating FOXO4 Ser258 to alanine 
increases significantly the b-catenin/FOXO4 interaction whereas a FOXO4-phospho-mimic
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Figure 6: Linking Ral to other downstream effectors
A. HEK293T cells were transfected with Myc-Ral and HA-PR65α  as indicated. 200mM H2O2 was 
applied for 1 hour to the indicated samples. Lysates were immunoprecipitated with anti-Ral bound prot 
A beads, followed by immunoblotting with anti-HA and anti-Ral antibodies. B. HEK293T cells were 
transfected with Flag-FOXO4 and HA-PR65α  as indicated. 200mM H2O2 was applied for 1 hour to 
the indicated samples. Lysates were immunoprecipitated with anti-12CA5 bound prot A beads, follo-
wed by immunoblotting with anti-Flag and anti-12CA5 antibodies. C. HEK293T cells were transfec-
ted with Flag-b-catenin, HA-FOXO4, HA-RlfΔ-catcaax and PRMT1 as indicated. 200mM H2O2 was 
applied for 1 hour to the indicated samples. Lysates were immunoprecipitated with anti-Flag beads, 
followed by immunoblotting with anti-Flag and anti-12CA5 antibodies. D. HEK293T cells were trans-
fected with PRMT1-RNAi  or scrambled-RNAi and co-transfected with  Flag-b-catenin, HA-FOXO4 
and HA-Rlf-caax as indicated. 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates 
were immunoprecipitated with anti-Flag beads, followed by immunoblotting with anti-HA and anti-
Flag antibodies.
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king mutant (S258E) abolished te interaction. Furthermore, bacterially purified GST-FOXO4 
as well as a non-phosphorylated biotin-tagged peptide encompassing Ser258 could pull-
down b-catenin from cell lysates. Also, inhibition of PP2A-mediated Ser258 dephosphoryla-
tion resulted in decreased FOXO4/b-catenin interaction. Taken together these data clearly 
demonstrate that phosphorylation of FOXO Ser258 inhibits the b-catenin/FOXO4 interaction 
whereas dephosphorylation promotes it. These data are in line with the notion that the 
FOXO/b-catenin interaction was orginally discovered using a yeast-two-hybrid screen and in 
yeast both FOXO and b-catenin are likely not phosphorylated. Upon increased cellular ROS, 
resulting from hydrogen peroxide treatment of cells, FOXO4/b-catenin interaction is promo-
ted and in agreement ser258 becomes dephosphorylated. We show that PP2A can dephosp-
horylate FOXO4-S258 both in vitro and in vivo. It can be argued that in vivo PP2A regulates 
the interaction indirectly as PP2A has also been shown to play a role in dephosphorylation of 
PKB(41-43), thereby inhibiting its kinase activity towards FOXO (44). However our in vitro 
data show that PP2A can dephosphorylate FOXO4 directly indicating that PP2A acts at more 
than one level in regulating FOXO activity, one via diminishing PKB kinase activity and 
second via direct dephosphorylation of FOXO4. PP2A has been shown to be involved in 
dephosphorylation of other FOXO family members as well. Although these studies focussed 
mainly on the conserved Thr32 and Ser193 PKB sites in FOXO1 and FOXO3a we show here 
that PP2A regulation also applies to Ser258 of FOXO4. PP2A is probably not the only phosp-
hatase acting on FOXOs. Another candidate for FOXO dephosphorylation is PP4c a subgroup 
of the PP2α type phosphatases that shows more than 65% identity with PP2A (45). PP2A 
family members consist in dimeric or trimeric complexes that contain regulatory subunits 
involved in substrate recognition (46). PP2A has some well defined substrates that are in-
volved in many different cellular processes while PP4c has only few confirmed substrates 
and not much is known yet on its role in the cell. As PP4c shows almost equal sensitivity as 
PP2A  to several PP2A inhibitors we decided to uncover which of these phosphatases  is in-
volved in the dephosphorylation of FOXO4. For this we tested both recombinant PP2A and 
PP4c for their ability to dephosphorylate FOXO4-S258 in vitro. We found both phosphatases 
to dephosphorylate FOXO4-S258 although PP4c did so to a lesser extend compared to PP2A 
(data not shown). PP4c has been described to be indirectly involved in JNK activation (47) 
and together with the link to FOXO this is an interesting observation. However, we show here 
that JNK is not involved in the FOXO4/b-catenin interaction and because FOXO4-S258 was 
most potently dephosphorylated by PP2A we decided to focus our attention to PP2A. Alt-
hough we have studied here in detail the requirements for FOXO4 to interact with b-catenin, 
b-catenin has also been shown to be a target of PP2A dephosphorylation (48,49). Most im-
portantly dephosphorylation of b-catenin is involved in b-catenin activation as it prevents it 
from being degraded by the ubiquitin proteasome complex. b-catenin not phosphorylated on 
Ser37 and Thr41 exists in a monomeric form, is mainly localised in the nucleus and there-
fore displays increased transcriptional activity compared to b-catenin phosphorylated on 
these residues by GSK3-b. (28,30,50,51). Unphosphorylated b-catenin however is only pre-
sent at low abundance, probably less than 10% of the total b-catenin pool. Small changes in 
nuclear b-catenin levels therefore can result in large differences in transcriptional outcome. 
b-catenin phosphorylated on Ser33/37/Thr41 is mainly localised in the cytoplasm and there-
fore transcriptionally inactive. Finally, phosphorylation of Ser45 might serve a dual role in 
b-catenin regulation as it has been suggested that Ser45 might be involved in activation of 
b-catenin dependent transcription as well as being a priming site for GSK3-b phosphoryla-
tion dependent degradation (52). To focus on the phosphorylation status of b-catenin in rela-
tion to FOXO4 interaction we used several b-catenin phospho-mutants that are  described as 
being unable to bind to b-catenin interactors such as TCF, e-cadherin and α-catenin. None of 
these b-catenin-mutants showed loss of binding to FOXO4 (data not shown). Furthermore, 
when we performed pulldowns with GST-FOXO4 on total lysates of cells overexpressing 
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b-catenin treated or untreated with hydrogen peroxide we did not detect any changes in inter-
action These data indicate that PTMs on FOXO4 are important to mediate the interaction 
with b-catenin. Phosphatases harbour an essential conserved cysteine within their catalytic 
centre and increased cellular ROS may result in cysteine oxidation thereby rendering the 
phosphatase inactive (reviewed by (53)). Not all phosphatases are equally sensitive to this 
mechanism as oxidation of cysteine depends on its pKa which in turn is strongly influenced 
by the amino acids surrounding the cysteine. For example ROS-mediated PTP1b  inactiva-
tion is important for propagation of insulin signalling (54). Not all phosphatases are equally 
sensitive to this mechanism as oxidation of cysteine depends on its pKa which in turn is 
strongly influenced by the amino acids surrounding the cysteine. Thus direct involvement of 
PP2A in regulating ROS-mediated Ser258 dephosphorylation and increased b-catenin inter-
action appears counterintuitive. Consequently, we searched for alternative mechanism(s) by 
which ROS could affect the Ser258 phosphorylation status. During the course of our study 
Yamagata et al showed FOXO1 regulation by a protein methyl transferase called PRMT1 
(18). It was shown that PRMT1 mediates asymmetrical dimethylation of FOXO1 at the two 
arginines located within the consensus PKB phosphorylation motif (RXRXXS/T) and this 
prevented phosphorylation of FOXO1 by PKB. Although this study focussed on FOXO1 it 
was shown that all FOXO family members can be methylated by PRMT1 and we could con-
firm this for FOXO4 (See Fig.3). Accordingly we reasoned that ROS-mediated regulation of 
Ser258 phosphorylation and consequent binding of b-catenin would involve PRMT1. Bin-
ding of PRMT1 to FOXO4, as shown for FOXO1, is induced by increased cellular ROS and, 
indeed siRNA-mediated knockdown of PRMT1 led to increased FOXO4 Ser258 phosphory-
lation and consequent decrease of b-catenin interaction. Surprisingly overexpression of 
PRMT1 showed little effect and we conclude from this that endogenous PRMT1 expression 
is not rate limiting. We did not observe PRMT1 to directly interact with b-catenin (data not 
shown) indicating that PRMT1 mediates its effect on FOXO4/b-catenin interaction via me-
thylation of FOXO4. Although we focus our attention in this study only on the phosphoryla-
tion and methylation status of FOXO4 we are well aware that other PTMs such as ubiquitin 
and acetylation might play a role in mediating the interaction with b-catenin. Both ubiquiti-
nation and acetylation play important roles in both b-catenin and FOXO activity and locali-
sation in the cell. However, the FOXO4/b-catenin interaction seems to be largely regulated 
by dephosphorylation of FOXO4-S258 and methylation of its surrounding arginines. Previ-
ously we demonstrated a predominant role for the small GTPase Ral and the stress kinase 
c-Jun terminal kinase (JNK) in ROS-dependent regulation of FOXO activation (4). Expres-
sion of dominant-negative RalN28 or siRNA-mediated knockdown of Ral abolishes 
FOXO4/b-catenin interaction. However, JNK dependent FOXO4 phosphorylation appears to 
have little effect on the interaction between FOXO4 and b-catenin as this interaction occurs 
in a ROS-dependent manner in JNK-/- cells. Thus, JNK does not act downstream of Ral to 
mediate b-catenin binding to FOXO4. As dephosphorylation of FOXO4-S258 by PP2A is an 
important step in mediating the interaction with b-catenin and we found increased FOXO4-
S258 phosphorylation after Ral RNAi we were interested whether we could find a link bet-
ween Ral  and PP2A in regulating FOXO4 dephosphorylation. We could confirm the interac-
tion between Ral and PR65A as well as the interaction of PR65A with and dephosphorylation 
of FOXO4.  Thus far we were unable to directly link Ral signalling to FOXO4 through 
PR65A although several options remain to be tested. Hence, we present here a model where 
the interaction between FOXO4 and b-catenin is regulated through posttranslational modifi-
cations on FOXO4 (figure 7). Phosphorylation of FOXO4 at Ser258 by PKB/SGK prevents 
b-catenin to interact. Upon oxidative stress Ral becomes active and this is necessary for 
dephosphorylation of FOXO4 to take place. PP2A is involved in the dephosphorylation of 
FOXO4. Whether PP2A activity towards FOXO4 is mediated through Ral needs further in-
vestigation. Methylation of dephosphorylated FOXO4 prevents the rephosphorylation by 
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PKB/SGK thereby promoting FOXO4 to interact with b-catenin. Our model stresses the 
importance of addition and removal of different PTMs that work in concert to mediate speci-
fic interactions under changing  cellular conditions.   
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Abstract
Protein methyl transferase 6 is a type I methyl transferase that is involved in the 
addition of dimethyl groups to arginines on both proteins and histones. We describe 
here two new protein targets for PRMT6. We find PRMT6 to interact with both FOXO4 
and TCF. Interestingly, b-catenin is a pivot that interacts with TCF as well as with 
FOXO4. Interaction of b-catenin with either TCF or FOXO4 results in enhanced 
activation of  their downstream target genes. We find PRMT6 to directly bind to both 
TCF and FOXO4 thereby preventing b-catenin to interact. TCF/b-catenin interaction 
and consequent TCF activation is inhibited by PRMT6 co-expression, however this can 
be reversed by Wnt signalling. FOXO4 activity is regulated by b-catenin as well as by 
PRMT6 although in a mutually exclusive manner. We propose therefore that FOXO4 
target gene activation changes depending on its interaction partner.
 
Introduction 
Human protein arginine N-methyltransferases (PRMTs) are an enzymatic family that transfer 

methylgroups to arginines in histones and proteins. The PRMT family consist of  11 members 
that can be divided into two groups dependent on their mode of methylation. Both types are 
capable of adding an intermediate monomethylgroup to an arginine. Type I PRMTs (PRMT1, 
PRMT3, Carm1/PRMT4, PRMT6 and PRMT8) asymmetrically add a methylgroup to the 
monomethylgroup. Type II PRMTs (PRMT5, PRMT7 and PRMT9) place a symmetric 
dimethylgroup to the arginine residue. Type I PRMTs have a preference for methylating 
substrates that contain glycine and arginine rich (GAR) domains. Arginine methylation has 
been described to be involved in several important cellular processes such as chromatin 
remodelling, RNA processing, DNA repair, transcription and signal transduction (1-5). To 
date there is little information on how PRMT activity is being regulated. Carm1/PRMT4 
has been shown to be phosphorylated after which its activity is changed. PRMT6 is the only 
known PRMT shown to self methylate, however the biological relevance hereof has not been 
elucidated yet. Activity of the Forkhead box O family of transcription factors is regulated 
via several posttranslational modifications (PTMs). One of the best studied is inactivation of 
FOXO via the PI3K/PKB pathway.  Phosphorylation of FOXO on three conserved phosphosites 
results in binding of FOXO to the 14-3-3 protein and translocation from the nucleus to the 
cytoplasm. Activation of FOXO is mediated via the reactive oxygen species (ROS) activated 
Ral/JNK pathway. Activation of Ral and JNK results in phosphorylation of FOXO4 at specific 
sites, translocation to the nucleus and consequent activation of downstream target genes (6). 
Other PTMs involved in regulating FOXO activity are mono-ubiquitination  and acetylation, 
the first one involved in activation and the second in inactivation of FOXO (7-9). Recently 
FOXO has been described to bind both PRMT1 and PRMT6 (10), while methylation of 
FOXO was only mediated by PRMT1. b-catenin gene regulation is mediated via the TCF/
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LEF family of DNA bound transcription factors. Although TCF/LEF binds to a conserved 
DNA sequence it is not a transcription factor by itself as it always needs cofactors to perform 
its function. When bound to the cofactor Groucho TCF represses gene transcription due to 
histone deacetylation and chromatin compaction. Upon Wnt signalling b-catenin is stabilised 
and translocates to the nucleus where it can compete with Groucho for binding to TCF (11). 
Once bound to TCF b-catenin recruits other cofactors and activation of downstream target 
genes can occur. Both in C. elegans and D. melanogaster it has been shown that TCFs can be 
acetylated at a lysine by CBP/p300 thereby inhibiting b-catenin to interact (12). However in 
vertebrates this acetylation has not been described yet. Sumoylation also plays a role in TCF 
activity, however this seems to be cell type dependent as both inhibition and activation has 
been described (13,14). Further positive regulation by PTMs has not been described for TCF 
signalling. Apparently modification of b-catenin is enough to induce the interaction with TCF. 
Stability of b-catenin is regulated via the Wnt signalling pathway. Wnt activates frizzled/lpr6 
that activates dishevelled which results in prevention of the APC/GS3K/CK1 complex from 
phosphorylating b-catenin. When b-catenin is unphosphorylated it cannot be ubiquitinated 
by btCrp and degradation is prevented. When b-catenin levels rise the protein translocates to 
the nucleus where it competes with groucho for binding to TCF. Once b-catenin binds to TCF 
it activates transcription of Wnt target genes. Strict regulation of Wnt signalling is important 
as stabilisation of b-catenin leads to constitutive activation of Wnt target genes and this will 
ultimately result in the onset of cancer. In this study we explore the role of PRMT6 on FOXO4 
and TCF4 interaction with b-catenin. We detect specific inhibition of b-catenin binding to 
both TCF and FOXO4, two known interaction partners for b-catenin. This inhibition seems 
to be specific for b-catenin as we did not detect inhibition of other known binding partners 
of FOXO4. We therefore wanted to uncover the why of this observation. We confirm that 
PRMT6 does not methylate FOXO4 as has been described before by Yamagata et al (10). 
Binding of PRMT6 to FOXO4 is sufficient to prevent b-catenin from interacting.  PRMT6 
seems to specifically prevent b-catenin from interacting with FOXO4 as other proteins such 
as p300 and NLK show no hindrance of binding in the presence of PRMT6. Using deletion 
mapping we show that PRMT6 can bind to several different regions of FOXO4. PRMT6 
binding to FOXO4 results in activation of FOXO4 transcriptional activity. By preventing 
b-catenin to interact with TCF, PRMT6 decreases b-catenin transcriptional activity. Thus, we 
describe here two new protein targets that are regulated by PRMT6.

Materials and Methods
Cell culture, transfection- HEK293T and NIH3T3, A375 and COLO829 cells were maintained 
in Dulbecco’s Modified Eagle Medium supplemented with L-glutamine, penicillin/
streptomycin and 10% FCS. HEK293T cells were transiently transfected using FuGENE6 
reagent according to the manufacturer (Roche). NIH3T3 cells were transfected with Calcium 
phosphate. A375 and COLO829 cells were transfected using effectene according to the 
manufacturers protocol (Qiagen). Total amounts of transfected DNA were equalized using 
pBluescript KSII+. siRNA was transfected using hiPerfect transfection reagent according to 
the manufacturer (Qiagen)
Plasmids- The following constructs have been described before: pMT2-HA-FOXO4 (3), 
6xDBE luciferase (furuyama), pRL-Tk (Tk renilla luciferase) was purchased from Promega. 
Flag-b-catenin was a gift from M. van de Wetering (Hubrecht Laboratory, Utrecht, The 
Netherlands). Myc-PRMT6 and Myc-PRMT6 were kindly provided by M. Kleinschmidt. 
Antibodies- Monoclonal flag antibody was obtained from Sigma, polyclonal HA antibody 
was obtained from Santa Cruz, monoclonal 12CA5 was produced using hybridoma cell lines, 
monoclonal PRMT6 antibody were obtained from cell signalling, FOXO4 pS226  antibody 
was generated by immunising rabbits with peptides CKAPKKKPSVLPAPPEGA-pT-PT-pS-
PVG, 3H-methyl antibody, 3H-methyl-H3 antibody was obtained from Abcam.
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Immunoprecipitation and western blots- Non-confluent cells were lysed in NP40 buffer (50 
mM Tris pH 7.5, 1% NP40, 10 mM EDTA, 150 mM NaCl, 50 mM NaF, 1 µg/ml leupeptin 
and 0.1 µg/ml aprotinin), and lysates were cleared for 10 minutes at 14000rpm at 4°C. Lysates 
were incubated for 2 hours at 4°C with either 1 µl 12CA5 or Flag M2-beads (Sigma). The 
immunoprecipitations were washed four times with NP40 buffer, cleared for all liquid, and 
25 µl of 1x laemmli sample buffer was added. Samples were subjected to SDS-PAGE and 
transferred to PVDF membrane (PerkinElmer). Western blot analysis was performed under 
standard conditions and using the indicated antibodies.  
Methylation assays- Recombinant PRMT6 and PRMT1 were combined with GST-FOXO4 
and histone H3 in PBS and 3H-sam was added. Sample was left for 2hrs at 30°C gently 
shaking. Samples were subjected to SDS-page. Gel was dried and exposed to film.
Luciferase reporter assays- NIH3T3 cells were transiently transfected with 6XDBE or p21-
luc pBluescript, Myc-PRMT6 or Myc-PRMT6 and HA-FOXO4. Luciferase counts were 
normalized using Tk-renilla-luciferase. Cells were washed twice with PBS, lysed in passive 
lysis buffer (PLB) and luciferase activity was analyzed using a luminometer and a dual-
luciferase assay kit according to the manufacturer (Promega). 

Results
FOXO4 and PRMT6 interact-Recently FOXO1 has been found to interact with protein 
methyl transferase 1 and 6 (PRMT1 and PRMT6) (10). PRMT1 is capable of methylating 
all FOXO family members while PRMT6 was only shown to interact with FOXO1 (10). We 
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Figure 1: FOXO4 and PRMT6 interact
A. HEK293T cells were transfected with Myc-PRMT6 and HA-FOXO4. 200mM H2O2 was applied for 
1 hour to the indicated samples. Lysates were immunoprecipitated with anti-HA tagged beads, followed 
by immunoblotting with anti-HA and anti-Myc antibodies. B. HEK293T lysates were immunoprecipi-
tated with anti-FOXO4 bound beads, followed by immunoblotting with anti-FOXO4 and anti-PRMT6 
antibodies. C. HEK293T cells were transfected with Myc-PRMT6 and HA-FOXO4. 200mM H2O2, 
100ng/ml TNFα, 100ng/ml hEGF or 100nM insulin was applied for 1 hour to the indicated samples. 
Lysates were immunoprecipitated with anti-HA tagged beads, followed by immunoblotting 
with anti HA and anti-Myc antibodies
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wanted to elucidate the role of PRMT6 on FOXO function in further detail and therefore 
we first sought to find whether PRMT6 would also interact with FOXO4. Following ectopic 
expression of PRMT6 and FOXO4, PRMT6  was found to co-immunoprecipitate with  
FOXO4 (fig.1a). Furthermore we were able to confirm this interaction endogenously (fig.1b). 
Although PRMT6 is the only known PRMT6 able to automethylate (15) it is not known how 
or whether PRMT6 hereby is being regulated. FOXO4 shuttles between the nucleus and 
cytoplasm depending on the stimulus received while PRMT6 is mainly found to be localised 
in the nucleus (15). As FOXO factors are regulated by reactive oxygen species (ROS), insulin 
and other growth factors we addressed whether any of these would play a regulatory role in 
the FOXO4/PRMT6 interaction. Surprisingly none of the treatments, resulted in a significant 
change in the FOXO4/PRMT6 interaction (fig.1c). 

Mapping the binding site-To gain further information on the FOXO4/PRMT6 interaction we 
decided to use deletion mapping to find the region on FOXO4 where PRMT6 would interact. 
For this we performed co-immuno precipitations using various FOXO4 deletion mutants. A 
little unexpected we found that PRMT6 could interact with all our FOXO4 deletion mutants 
(fig.2). We reason that PRMTs can methylate several sites of a protein and therefore they 
will interact with different regions of their substrates. PRMT1 for instance has been shown 
to methylate at least two non-overlapping FOXO1 deletion mutants (10), which indicates, 
although has not been shown, that PRMT1 interacts with FOXO1 deletion mutants (10). The 
preferred sequence that PRMT6 methylates is the glycine and arginine rich (GAR) motif 
that often contain a RGG or RXR sequence (10,15-18) and we find these regions at several 
sites in FOXO4. PRMT1 methylates FOXO1 in the PKB sequence regions and these regions 
are the preferred regions for PRMT6 as well. We wondered whether mutating these regions 
would have an effect on the interaction with PRMT6. Coimmuno-precipitations with FOXO4 
mutants containing serine/threonine to alanine substitutions show no change in interaction 
with PRMT6 (data not shown). 

PRMT6 is not involved in FOXO4  methylation-Although FOXO1 was shown to be 
methylated by PRMT1 this function could not be shown for PRMT6 (10). We used an 
in vitro methylation assay to determine whether PRMT6 has the propensity to methylate 
FOXO4. We show here that indeed PRMT6, unlike PRMT1, cannot methylate GST-FOXO4 
(fig. 3a) supporting the data found by Yamagata et al. As a control for the functionality of
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Figure 2: Mapping the binding site
A. HEK293T cells were transfected with Myc-PRMT6 and HA-FOXO4 deletion mutants. 200mM 
H2O2 was applied for 1 hour to the indicated samples. Lysates were immunoprecipitated with anti-HA 
tagged beads, followed by immunoblotting with anti-HA and anti-myc antibodies.
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the assay we show that histone 3, a known target of PRMT6, could be methylated both 
by PRMT1 and PRMT6 (fig.3b). Binding of PRMT6 to FOXO4 does not depend on its 
methyltransferase activity as both PRMT6 and PRMT6-dead bind FOXO4 equally well 
(fig.3c). We then searched to understand whether co-expression of FOXO4 and PRMT6 
would result in enhanced dimethylation of total arginine 2 on histone 3. Overexpression of 
FOXO4 does not result in increased H3R2 levels (Fig.3d). From these data we conclude that 
although PRMT6 and FOXO4 interact FOXO4 is not a substrate for PRMT6 methylation.

Effect of PRMT6 on FOXO4 downstream targets-As we find a strong interaction between 
FOXO4 and PRMT6 without a clear regulatory mechanism we decided to test whether we 
could find a functional readout for the interaction. First we tested the effect of PRMT6 and 
the PRMT6-dead mutant on FOXO4 in a luciferase assay using the general FOXO reporter 
construct 6XDBE . Overexpression of FOXO4 results in 6xDBE activity that can be further 
increased by co-expression of PRMT6. The PRMT6 dead mutant shows no effect on FOXO4 
mediated 6xDBE activation (fig. 4A). To find genes being regulated by PRMT6 and FOXO4 
we performed micro-array analysis in 293t cells (see addendum chapter 5). We found p21, a 
FOXO4 target gene, to be downregulated by co-expression of PRMT6 and FOXO4. Therefore 
we decided to test this FOXO target in a luciferase assay. However when we used a p21-luc 
reporter construct we found that PRMT6 could enhance the activation of p21-luc by FOXO4 
while the PRMT6-dead mutant lacks this ability (fig.4B). It is debated however whether 
these reporter assays are the recommended assay to test the effect of histone modification 
on gene activity. Supporting our microarray data, PRMT6 knockdown by RNAi results in 
increased p21 expression in U2OS cells, while overexpression of PRMT6 has no effect on 
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Figure 3: PRMT6 is not involved in FOXO4 methylation
A. Recombinant PRMT1 and PRMT6 were combined with GST-FOXO4 in PBS and 3H-sam was ad-
ded. Sample was left for 2hrs at 30°C gently shaking. Samples were subjected to SDS-page. Gel was 
dried and exposed to film. B. Recombinant PRMT1 an 6 were combined with histone H3 in PBS and 
3H-sam was added. Sample was left for 2hrs at 30°C gently shaking. Samples were subjected to SDS-
page. Gel was dried and exposed to film. C. HEK293T cells were transfected with Myc-PRMT6, Myc-
PRMT6-dead and HA-FOXO4. 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates 
were immunoprecipitated with anti-HA tagged beads, followed by immunoblotting with anti-HA and 
anti-Flag antibodies. D. HEK293T cells were transfected with Myc-PRMT6, Myc-PRMT6-dead and 
HA-FOXO4. Cells were scraped in 1xSB followed by immunoblotting and probed for the indicated 
antibodies.
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p21 levels (Kleinschmidt personal communication). Further research is clearly necessary to 
understand the role of co-expression of FOXO4 and PRMT6 on p21 activity. On western 
analysis we tested for p27 expression levels upon co-expression of FOXO4 with either 
PRMT6 or PRMT6-dead. FOXO4 expression results in increased p27 levels. Co-expression 
of PRMT6, but not PRMT6-dead results in decreased p27 expression (fig.4C). These data 
suggest PRMT6 represses FOXO4 mediated p27 induced expression in a methyltransferase 
dependent manner.

PRMT6 is necessary for FOXO4 to inhibit colony formation-We performed a colony assay 
in A375 cells that contain relative high p21 expression level. In these cells overexpression 
of FOXO4 leads to decreased colony formation (19). Interestingly, FOXO4 requires PRMT6 
to inhibit colony formation as knockdown of PRMT6 using RNAi prevents FOXO4 from 
reducing colony formation (fig.5A). In agreement overexpression of both PRMT6 and 
FOXO4 results in enhanced repression of colony formation (fig.5B). Inhibition of colony 
formation can be achieved through either induction of senescence or activation of the 
apoptotic machinery. Senescence is induced by ROS mediated p21cip1 expression through 
activation of both FOXO4 and p53. When either FOXO4 or p53 is depleted from the cells 
increased ROS results in induction of apoptosis (19). Whether co-expression of PRMT6 with 
FOXO4 is involved in inducing apoptosis or senescence requires further investigation.

PRMT6 interferes with the FOXO4/b-catenin interaction-Although PRMT6 does not appear 
to methylate FOXO4 directly we wondered whether the interaction itself might influence the 
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Figure 4: Effect of PRMT6 on FOXO4 downstream targets
A + B. U2OS cells were transfected with FOXO4,  PRMT6 and PRMT6D as indicated, TK renilla and 
(A) with 6 perfect FOXO4 DNA binding elements (6xDBE) or a construct (B) p21-luc. Representative 
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with HA-FOXO4, Myc-PRMT6 or PRMT6-dead as indicated. Lysates were scraped in
1xSB followed by imunnoblotting with the indicatred antibodies.
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binding of FOXO4 to other proteins. b-catenin is an important interaction partner of FOXO4 
and therefore we tested their interaction in the presence of PRMT6. In contrast to PRMT1 
that is necessary for FOXO4 and b-catenin to interact (chapter 4) PRMT6 completely 
abolishes the FOXO4/b-catenin interaction (fig.6a). Furthermore, this does not require the 
methyltransferase activity of PRMT6 as co-expression of the PRMT6-dead mutant inhibited 
b-catenin binding to FOXO4 to similar extend as wt-PRMT6 (fig. 5a lanes 3 to 6). Recent 
publications show b-catenin to interact with members of the PRMT family i.e. PRMT1 
(20), PRMT2 (21) and PRMT4/CARM1 (22) in a cell type and context dependent manner. 
Therefore we also tested possible binding between b-catenin and PRMT6. To this end we 
analysed co-immuno precipitation between b-catenin and PRMT6 but observed PRMT6 not 
to interact with b-catenin (data not shown). Previously we showed that a FOXO4-S258A 
mutant has increased binding affinity for b-catenin (chapter 4). Interestingly, when we tested 
the effect of PRMT6 on this enhanced interaction we found that PRMT6 does not interfere 
with the interaction between b-catenin and FOXO4-S258A (fig.6b). This may be taken to 
indicate that PRMT6 can prevent the induction of b-catenin/FOXO4 interaction but cannot 
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Figure 5: PRMT6 is necessary for FOXO4 to inhibit colony formation
A. A375 cells were transfected with the indicated constructs together with pbabe-puro. Colony out-
growth of puromycin selected cells was monitored after 10 days. B. A375 cells were transfected with 
the indicated constructs together with pbabe-puro. Cells were stained for colony outgrowth after 10
days.
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induce dissociation of the b-catenin/FOXO4 interaction. Taken together these results suggest 
that the loss of binding between FOXO4 and b-catenin following peroxide treatment is due to 
competitive binding between PRMT6 and b-catenin to FOXO4. To test whether PRMT6 only 
competes with b-catenin or that this is more general we also analysed the binding of NLK 
and P300, two known interaction partners of FOXO4, in the presence of PRMT6. Unlike 
b-catenin, both NLK and P300 were able to interact with FOXO4 in the presence of PRMT6 
(fig.6C and 6D). Thus we conclude that PRMT6 specifically prevents the induction of the 
interaction between FOXO4 and b-catenin after increased cellular ROS. This is likely to be 
due to competitive binding between b-catenin and PRMT6, as inhibition by PRMT6 does 
not depend on its methyltransferase activity and is also impaired when b-catenin is already 
bound to FOXO4. 
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Figure 6: PRMT6 interferes with the FOXO4/b-catenin interaction
A. HEK293T cells were transfected with Flag-b-catenin, Myc-PRMT6, Myc-PRMT6D and HA-
FOXO4 as indicated. 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were 
immunoprecipitated with anti-flag beads, followed by immunoblotting with anti-HA, anti Myc and 
anti-Flag antibodies. B. HEK293T cells were transfected with Myc-PRMT6, flag-b-catenin and HA-
FOXO4-S258A pointmutant as indicated. 200mM H2O2 was applied for 1 hour to the indicated sam-
ples. Lysates were immunoprecipitated with anti-flag beads, followed by immunoblotting with anti-HA, 
anti-Myc and anti-Flag antibodies. C. HEK293T cells were transfected with Myc-PRMT6, HA-p300 
and Flag-FOXO4. 200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were im-
munoprecipitated with anti-flag beads, followed by immunoblotting with anti-HA, anti-Myc and anti-
Flag antibodies. D. HEK293T cells were transfected with Myc-PRMT6, Flag-NLK and HA-FOXO4. 
200mM H2O2 was applied for 1 hour to the indicated samples. Lysates were immunoprecipitated with
anti-Flag beads, followed by immunoblotting with anti-HA, anti-Myc and anti-Flag antibodies.
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PRMT6 prevents TCF4 interaction with b-catenin-Upon peroxide treatment b-catenin is 
diverted from binding with TCF4 towards an interaction with FOXO4. As we observed that 
PRMT6 inhibits the FOXO4/b-catenin interaction we wondered whether as a consequence 
PRMT6 might enhance the b-catenin/TCF4 interaction, thereby shifting the balance 
from FOXO4 mediated growth/proliferation inhibition towards TCF dependent growth/
proliferation and differentiation. To test this we performed a co-immuno precipitation between 
b-catenin and TCF4 in the presence of PRMT6 and a PRMT6 dead mutant. We observed 
that PRMT6 impairs the b-catenin/TCF4 interaction (fig.7A), similar to its interference with 
FOXO4/b-catenin binding. However, unlike FOXO4, the TCF/b-catenin interaction could 
be restored upon Wnt treatment (fig.7A lane 5). PRMT6  interacts directly with TCF4 and 
this interaction does not change in the presence of either H2O2 or Wnt3a (fig.7B). We then 
analysed the effect of wt-PRMT6 and PRMT6-dead mutant on b-catenin/TCF signalling in 
a TOP/FOP assay (fig.7C). Overexpression of PRMT6 inhibits b-catenin from activating 
the TCF optimal promoter while the PRMT6 dead mutant shows no significant changes 
in activation compared to b-catenin alone. Whether PRMT6 can methylate either TCF or 
b-catenin needs to be elucidated. 

Discussion
Here we studied the role of PRMT6 on two transcription factors, FOXO4 and TCF, which 
play very diverse roles in cell fate regulation. Activation and repression of FOXO activity 
is controlled by various types of PTMs, the turnover of which is induced upon treatment 
of cells by diverse stimuli. Activation of FOXO depends on the levels of ROS in the cell. 
When ROS levels increase FOXO becomes phosphorylated though the Ral/JNK pathway 
and consequently localises to the nucleus where it interacts with target genes and regulates 
the transcription of these genes. In addition, increased levels of ROS result in other PTMs, 
such as acetylation, methylation, ubiquitination, and importantly enhanced binding of 
co-regulators such as b-catenin. As a consequence transcription of Wnt target genes is 
repressed because b-catenin is diverted from TCF towards FOXO4 (see chapter 3). Here 
we identified PRMT6 as a novel regulator involved in both FOXO4 and TCF  pathways. 
PRMT6, like PRMT1, preferentially methylates glycine- arginine rich (GAR) motifs 
within proteins (15). FOXO4 contains several GAR motifs and some of these fall within 
the preferred PKB phosphorylation motif (10). We and others have shown that PRMT1 can 
methylate FOXO at these GAR motifs thereby influencing FOXO phosphorylation state 
((10), chapter 4 this thesis). Although we confirmed the interaction between FOXO4 and 
PRMT6 both by overexpression and endogenous coimmuno-precipitations we did not detect 
any methyltransferase activity of PRMT6 towards FOXO4. To test possible involvement 
of PRMT6 in regulating FOXO4 transcriptional activity we first used reporter-assays. 
We observed increased FOXO4 activity in luciferase assays upon PRMT6 co-expression 
that did depend on PRMT6 methyltransferase activity as the PRMT6-dead mutant did 
not enhance FOXO4 transcriptional activity. However and in contrast when analyzing 
FOXO4 activity towards endogenous FOXO responsive genes p27kip1 and p21cip1 in cells 
we observed inhibition of FOXO4 activity by PRMT6 co-expression again dependent on its 
methyltransferase activity. This apparent paradox is likely best explained by the observation 
that PRMT6 has been described to regulate histone methylation of arginine 2 of histone 3 
thereby preventing the trimethylation of histone 3 lysine 4 (23). This suggests PRMT6 to 
inhibit transcription by histone modification. It is debated whether transient reporter assays 
mimic proper transcriptional control through histone modification and as binding of PRMT6 
does not result in methylation of FOXO4 we conclude that in reporter assays regulation by 
H3R2 methylation is not observed whereas regulation of endogenous genes is subject to this 
type of control. Thus we propose FOXO4 mediated recruitment of PRMT6 to chromatin to 
repress FOXO4-dependent transcription, By what mechanism PRMT6 results in activation 
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Figure 7: PRMT6 prevents TCF from interacting with b-catenin.
A. HEK293T cells were transfected with Myc-PRMT6, HA-TCF and Flag-b-catenin. 100ng/ml Wn-
t3a was applied for 2 hours to the indicated samples. Lysates were immunoprecipitated with anti-
HA tagged beads, followed by immunoblotting with anti-HA, anti-Myc and anti-Flag antibodies. B. 
HEK293T cells were transfected with Myc-PRMT6 and HA-TCF. 200mM H2O2 was applied for 1 
hour to the indicated samples. Lysates were immunoprecipitated with anti-HA tagged beads, followed 
by immunoblotting with anti-HA and anti-Myc antibodies. C. HEK293T cells were transfected with 
Myc-PRMT6 and HA-TCF. 100ng/ml Wnt3a was applied for 2 hours to the indicated samples. Lysates 
were immunoprecipitated with anti-HA tagged beads, followed by immunoblotting with anti-HA and 
anti-Myc antibodies. D. U2OS cells were transfected as indicated with b-catenin,  PRMT6 and PRM-
T6D as indicated, TK renilla and a TCF optimal promoter (TOP) or a Fake optimal promoter (FOP). 
Representative data are shown as TOP/FOP ratio with mean +/- s.d of standard deviation of duplicates.
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of FOXO4 transcriptional activity as measured by reporter assays remains to be determined. 
To further substantiate the role of FOXO4 in recruiting PRMT6 to chromatin we are currently 
analysing chromatin immunoprecipitations of FOXO4 in the presence or absence of PRMT6 
for changes in H3R2 trimethylation and H3K4 trimethylation. PRMT6 seems to be necessary 
for FOXO4 to inhibit colony formation as RNAi against PRMT6 prevents FOXO4 mediated 
inhibition of colony formation. We are currently testing expression levels of FOXO4 
target genes upon knockdown or overexpression of PRMT6 in conjunction with FOXO4 
overexpression. Preliminary data show a reduction of p27kip expression levels upon PRMT6 
overexpression. For p21cip1 it has been shown that knockdown of PRMT6 results in increased 
p21cip1 levels (kleinschmidt personal communication) although overexpression of PRMT6 
has no influence on p21cip1 levels. Clearly, more research is needed to elucidate how PRMT6 
regulates FOXO4 mediated gene expression. Besides regulating FOXO4 activity we describe 
the binding of PRMT6 to be sufficient to prevent b-catenin from interacting with FOXO4. 
PRMT6 does not need its methylation activity to prevent FOXO4 and b-catenin to interact 
as the PRMT6-dead mutant is equally efficient in preventing the interaction. As we observed 
PRMT6 to interact with different FOXO4 deletion mutants we conclude that PRMT6 is not 
only able to bind to several sites on FOXO4 but probably by binding also influences other 
proteins to interact and or regulate FOXO4. Both PRMT6 and b-catenin interact mutually 
exclusive with FOXO4 and both enhance FOXO4 activity. We therefore reason that these 
interaction partners might induce different downstream pathways. This idea is strengthened 
by our  observations in the colony formation assay where PRMT6 has a decisive role on 
FOXO4 function. 
ROS divert b-catenin from binding TCF to binding to FOXO4. Because PRMT6 inhibits 
b-catenin binding to FOXO4 we wished to explore whether this in turn will result in 
enhanced binding of b-catenin to TCF. In addition, b-catenin was recently not only found 
to interact with PRMT1 in a genome wide screen in colon carcinoma cell lines (20), but also 
with PRMT4/CARM1 after androgen signalling (22) and with PRMT2 in pre-midblastula 
transition embryos (21). However, similar to FOXO4, PRMT6 prevents b-catenin to interact 
with TCF. Also similar to FOXO4, TCF and not b-catenin binds PRMT6. Interestingly, 
Wnt signalling appears to overrule the inhibitory effect of PRMT6. In agreement with 
our observation that b-catenin interaction with TCF was inhibited by PRMT6, b-catenin 
mediated activation of TCF as measured by the TOP/FOP reporter assay was inhibited by 
PRMT6. The PRMT6-dead mutant did not inhibit TOP/FOP activity indicating that the 
methyltransferase of PRMT6 is important for its inhibitory function. Preliminary experiments,  
using recombinant GST-TCF, GST-b-catenin and PRMT6 did not detect in vitro methylation 
of TCF or b-catenin by PRMT6. These results can not exclude the necessity of a cofactor 
for PRMT6 to methylate substrates and that was lacking in the in vitro methylation assay. 
Alternatively, PRMT6 regulates transcription of one or more repressors of beta-catenin 
and binding of  PRMT6 to TCF does not regulate directly binding of b-catenin but acts 
similar to FOXO4 to recruit PRMT6 to chromatin in a TCF dependent manner. However, in 
contrast to regulation of FOXO4 responsive genes TCF responsive genes remain sensitive 
to Wnt signalling as we observed Wnt mediated b-catenin/TCF interaction in the presence 
of PRMT6. Structural analysis (24) revealed that the nuclear anchor for b-catenin Pygo (25) 
is associated with the conversion of silenced genes towards Wnt-induced gene activation 
(26). Pygo recognises H3  tails that are either unmethylated or methylated at arginine 2 as 
well as the K4me2 mark (24). Once bound to H3, the Pygo-BCL9 complex is involved in 
the exposition of H3R2me2a for demethylation by a yet unknown demethylating enzyme. 
Once H3R2 is demethylated the SET1 methyltransferase complex is recruited which results 
in the transition of  H3K4me2 to H3K4me3, which allows full transcriptional activity of 
TCF target genes during Wnt signalling (25,27,28). Altogether we find here an intriguing 
new role where cross-talk between FOXO4 and TCF signalling is mediated by PRMT6. We 
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propose that PRMT6, through inhibiting b-catenin to interact with both TCF and FOXO4, 
might change the transcriptional program of the cell. The details of this transcriptional shift 
obviously require further research.

References

1. Bedford, M. T., and Richard, S. (2005) Mol Cell 18, 263-272
2. Krause, C. D., Yang, Z. H., Kim, Y. S., Lee, J. H., Cook, J. R., and Pestka, S. (2007) 

Pharmacol Ther 113, 50-87
3. McBride, A. E., Conboy, A. K., Brown, S. P., Ariyachet, C., and Rutledge, K. L. 

(2009) Nucleic Acids Res 37, 4322-4330
4. Pahlich, S., Bschir, K., Chiavi, C., Belyanskaya, L., and Gehring, H. (2005) Proteins 

61, 164-175
5. Pal, S., and Sif, S. (2007) J Cell Physiol 213, 306-315
6. Essers, M. A., Weijzen, S., de Vries-Smits, A. M., Saarloos, I., de Ruiter, N. D., Bos, 

J. L., and Burgering, B. M. (2004) EMBO J 23, 4802-4812
7. Brenkman, A. B., de Keizer, P. L., van den Broek, N. J., Jochemsen, A. G., and 

Burgering, B. M. (2008) PLoS One 3, e2819
8. van der Horst, A., de Vries-Smits, A. M., Brenkman, A. B., van Triest, M. H., van 

den Broek, N., Colland, F., Maurice, M. M., and Burgering, B. M. (2006) Nat Cell 
Biol 8, 1064-1073

9. van der Horst, A., Tertoolen, L. G., de Vries-Smits, L. M., Frye, R. A., Medema, R. 
H., and Burgering, B. M. (2004) J Biol Chem 279, 28873-28879

10. Yamagata, K., Daitoku, H., Takahashi, Y., Namiki, K., Hisatake, K., Kako, K., 
Mukai, H., Kasuya, Y., and Fukamizu, A. (2008) Mol Cell 32, 221-231

11. Daniels, D. L., and Weis, W. I. (2005) Nat Struct Mol Biol 12, 364-371
12. Waltzer, L., and Bienz, M. (1999) Cancer Metastasis Rev 18, 231-246
13. Sachdev, S., Bruhn, L., Sieber, H., Pichler, A., Melchior, F., and Grosschedl, R. 

(2001) Genes Dev 15, 3088-3103
14. Yamamoto, H., Ihara, M., Matsuura, Y., and Kikuchi, A. (2003) EMBO J 22, 2047-

2059
15. Frankel, A., Yadav, N., Lee, J., Branscombe, T. L., Clarke, S., and Bedford, M. T. 

(2002) J Biol Chem 277, 3537-3543
16. Gary, J. D., and Clarke, S. (1998) Prog Nucleic Acid Res Mol Biol 61, 65-131
17. Smith, J. J., Rucknagel, K. P., Schierhorn, A., Tang, J., Nemeth, A., Linder, M., 

Herschman, H. R., and Wahle, E. (1999) J Biol Chem 274, 13229-13234
18. Klein, C., Chen, P., Arevalo, J. H., Stura, E. A., Marolewski, A., Warren, M. S., 

Benkovic, S. J., and Wilson, I. A. (1995) J Mol Biol 249, 153-175
19. de Keizer, P. L., Packer, L. M., Szypowska, A. A., Riedl-Polderman, P. E., van 

den Broek, N. J., de Bruin, A., Dansen, T. B., Marais, R., Brenkman, A. B., and 
Burgering, B. M. (2010) Cancer Res 70, 8526-8536

20. Major, M. B., Roberts, B. S., Berndt, J. D., Marine, S., Anastas, J., Chung, N., 
Ferrer, M., Yi, X., Stoick-Cooper, C. L., von Haller, P. D., Kategaya, L., Chien, A., 
Angers, S., MacCoss, M., Cleary, M. A., Arthur, W. T., and Moon, R. T. (2008) Sci 
Signal 1, ra12

21. Blythe, S. A., Cha, S. W., Tadjuidje, E., Heasman, J., and Klein, P. S. (2010) Dev 
Cell 19, 220-231

22. Koh, S. S., Li, H., Lee, Y. H., Widelitz, R. B., Chuong, C. M., and Stallcup, M. R. 
(2002) J Biol Chem 277, 26031-26035

23. Hyllus, D., Stein, C., Schnabel, K., Schiltz, E., Imhof, A., Dou, Y., Hsieh, J., and 

     PRMT6 binding to FOXO4 and TCF 

  87



Bauer, U. M. (2007) Genes Dev 21, 3369-3380
24. Fiedler, M., Sanchez-Barrena, M. J., Nekrasov, M., Mieszczanek, J., Rybin, V., 

Muller, J., Evans, P., and Bienz, M. (2008) Mol Cell 30, 507-518
25. Townsley, F. M., Cliffe, A., and Bienz, M. (2004) Nat Cell Biol 6, 626-633
26. Kirmizis, A., Santos-Rosa, H., Penkett, C. J., Singer, M. A., Green, R. D., and 

Kouzarides, T. (2009) Nat Struct Mol Biol 16, 449-451
27. de la Roche, M., and Bienz, M. (2007) Curr Biol 17, 556-561
28. Sierra, J., Yoshida, T., Joazeiro, C. A., and Jones, K. A. (2006) Genes Dev 20, 586-

600

  Chapter 5

88



     PRMT6 binding to FOXO4 and TCF 

  89





Gene expression profiling for FOXO4 and 
PRMT6 interaction

Addendum

D. Hoogeboom, M. C. van den Berg, T.B. Dansen,  M. J.A. Groot Koerkamp, D.  van Leenen, C. Ko, 
F. C. Holstege and B. M.T. Burgering



Functional analysis of FOXO4 and PRMT6 interaction by gene expression 
profiling

D. Hoogeboom, M.C. van den Berg, T.B. Dansen, M.J.A. Groot Koerkamp, D. van Leenen, 
C. Ko, F.C. Holstege and B.M.T. Burgering

Abstract
Members of the protein methyl transferase (PRMT) family have recently been found to bind 
to all members of the FOXO family (1), chapter 4 and 5 this thesis). The PRMT family 
consists of 11 members, however only two of them, PRMT1 and PRMT6, have been shown 
to interact with the FOXO family. Although both PRMT1 and PRMT6 belong to the type 
I PRMTs that mediate asymmetrical dimethylation only PRMT1 appears to be involved in 
dimethylation of all four FOXOs directly. In chapter 5 we describe the effect of PRMT6 
binding to FOXO4. Following PRMT6 interaction we observe changes in FOXO4 activity, 
as well as an effect on binding of FOXO4 with other specific interaction partners. To gain 
further understanding of the effect of PRMT6 binding to FOXO4 we performed microarray 
gene expression analysis and searched for possible change(s) in regulation of target genes. 
PRMT6 is found to regulate gene expression both dependent and independent of FOXO4 
co-expression. PRMT6 can function as co-reppressor and co-activator for FOXO4 mediated 
gene regulation. 

Introduction
FOXO transcription factors regulate a large variety of target genes that are in involved in 
multiple cellular processes. FOXO activity is controlled by addition and removal of specific 
PTMs (see chapter 4 this thesis). In short FOXO is activated through phosphorylation by 
the Ral/JNK pathway resulting in translocation from the cytoplasm to the nucleus where it 
regulates transcription of downstream target genes.
Inactivation of FOXO is mediated through phosphorylation by the PI3K/PKB pathway 
resulting in nuclear exclusion and consequent repression of transcriptional activity. The 
PRMT family consists of 11 family members that are divided in two groups depending on 
their mode of methylation. Type I PRMTs mediate asymmetrical dimethylation while type II 
PRMTs add symmetrical dimethyl groups to their substrates. Currently not much is known on 
the regulation of PRMTs. PRMT4/Carm1 activity has been shown to be modulated through 
phosphorylation (2). PRMT6 is the only known PRMT able to auto-methylate (3). However 
the biological relevance of this remains to be elucidated. PRMT6 can bind to FOXO1 and 
FOXO4 ((1), chapter 5 this thesis) thereby regulating not only FOXO4 activity but also the 
ability of FOXO4 to interact with specific binding partners. PRMT6 is a methyl transferase 
that is involved in methylation of both proteins and histones. PRMT6 has been shown to 
methylate arginine 2 of Histone 3 (H3R2). Asymmetric dimethylation of H3R2 was shown 
to prevent methylation of H3K4 (4), a marker of active transcription. Consequently, PRMT6 
mediated H3R2 methylation is believed to confer transcriptional repression. In addition to 
H3R2 PRMT6 can also methylate arginine 3 of H2A and H4. Besides inhibiting transcriptional 
activity PRMT6 has also been described to be involved as a coactivator in activation of ligand 
dependent gene transcription (5). To elucidate the effect of PRMT6/FOXO4 interaction on 
gene regulation we performed microarray analysis. HEK293T cells were transfected with 
either FOXO4, PRMT6 or FOXO4 and PRMT6 together and RNA was extracted from the 
cells. Amplification of the RNA and labelling of the samples were performed as described in 
Roepman et al. Labelled cRNA of the different samples was mixed with alternatively labelled 
cRNA from mock treated cells and hybridised on microarrays (Human Array-ready oligo set 
(version 2.0; Qiagen) printed on Codelink activated slides (GE Healthcare). All experiment 
were performed in four fold biological replicates in dyeswap. Analysis of variance (ANOVA) 
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(R version 2.2.1/ Micro array analysis of variance (MAANOVA)  version 0.98-7) was used 
to analyse the data. 

Results and discussion
Genes that were found to be regulated by FOXO4, PRMT6 or FOXO4 and PRMT6 together 
were considered to change significantly when P < 0.05 after family wise error correction. In 
total 475 genes were significantly up- or downregulated more than 1.25 fold in one or more of 
the three conditions. Of these 232 genes were down regulated and 243 were upregulated (fig.1). 
As indicated above PRMT6 is believed to act as a transcriptional repressor by preventing 
H3K4 tri-methylation. Given the strong correlation between H3K4 tri-methylation, gene 
activity and the widespread occurrence of H3K4 tri-methylation it is surprisingly that we 
find only a limited number of genes to be downregulated by ectopic PRMT6 expression (65 
genes). As the number of genes whose expression increases after PRMT6 overexpression is 
even greater (136 genes), PRMT6 overexpression appears to favour increased transcriptional 
activity rather then repression. However, and probably in agreement with PRMT6 acting on 
a general regulatory mechanism of transcription, downregulation of most of these genes is 
limited (1,3-1,5 fold). In addition PRMT6 expression  results in the upregulation of  several 
negative regulators of RNApolII  as well as transcriptional repressors such as CBX2 and 
TAF7. Thus PRMT6 also indirectly may result in inhibition of transcription. In addition, this 
low number of repressed genes might suggest that PRMT6 repressive function is primarily 
playing a role in the context of a gene activating processes and thus acts as negative feedback, 
or alternatively controls the magnitude of induction.
To gain more insight in the reproducibility and robustness of the experiment we decided to 
compare the data achieved (assay 1) with two other assays. These other assays were both 
performed in 293T cells using basically an identical experimental set-up. Assay 2 (by M. 
van den Berg) was performed using the same batch of 293T cells transfected at the same day 
and processed alongside at the same time as the experiments the data of which are described 
in this chapter. Assay 3 (by T. Dansen) can be considered an independent experiment as it 
was accomplished using a different batch of 293T cells and not performed simultaneously 
with assay 1 and 2. If we compare the amount of genes up- or down regulated between these 
assays we observe differences which are summarised in figure 2. First the number of genes 
regulated between the various assays differs significantly, most likely a result of the varying 
level of overexpression. This is suggested by the observation that assay 1 showing the least 
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Figure 1:  Venn Diagrams
Venn diagrams of all genes significantly upregulated (left) and dowregulated (right) at least 1.25 fold 
by FOXO4, PRMT6 and FOXO4 + PRMT6.
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number of upregulated genes shows the highest overlap with the other 2 assays (overlap 20 
out of 21 compared with assay 2 and 11 out of 21 with assay 3). If we compare the assay 
described in this chapter with assay 2 and 3 we find 11 genes that overlap with genes found 
in assay 2 and 3 (fig. 2). These genes we may consider therefore most likely to be genuine 
FOXO4 target genes. When we examined assay 1 and assay 2, we found a set of 11 genes 
downregulated by FOXO4 that we find to be upregulated when PRMT6 is co-transfected by 
FOXO4 in assay 1 (fig. 3 and table 1). Thus, with respect to gene regulation PRMT6 acts as a 
positive co-factor for FOXO4 within the regulation of these genes. However the assay results 
show that PRMT6 has a dual role and also acts to repress FOXO4 regulated transcription. A 
striking example being p21cip1 (CDKN1a). P21cip1 is a known transcriptional target of FOXO 
but is downregulated by PRMT6 and FOXO4 together. The cyclin dependent kinase inhibitor 
p21cip1 interacts with and inhibits activity of the cyclin-CDK2 or cyclin-CDK4 complexes 
thereby regulating many phases in the cell cycle (reviewed by (6)). We have shown that 
FOXO4, in conjunction with constitutively active B-RAFV600E, inhibits cell cycle progression 
through p21cip1 transcription (7). Furthermore, siRNA-mediated knockdown of PRMT6 
expression increases p21cip1 expression (Kleinschmidt, unpublished data). Thus, combined 
with our array data we conclude that PRMT6 apparently represses FOXO4-induced p21cip1 
expression. Other known FOXO target genes that are repressed following PRMT6 co-
expression are Btg2 and SESN2 that we will discuss below. Taken together our array data 
reveal that PRMT6 can act both as repressor and activator of FOXO4 transcriptional activity. 
Interestingly, transient reporter assays as described in chapter 5 using a p21cip1 promoter 
-luciferase, or 6xDBE-luciferase reporter revealed only a role for PRMT6 as co-activator of 
FOXO4. We explain these results by the ability of PRMT6 to regulate histone methylation of 
histone H3 arginine 2 thereby preventing the trimethylation of histone H3 lysine 4 (8). These 
data suggest that PRMT6 can inhibit transcription through histone modification. Whether 
transient reporter assays are the appropriate assay to measure transcriptional control via 
histone modification remains questionable. Considering that we do not observe FOXO4 to 
be methylated by PRMT6 upon interaction, we presume H3R2 methylation is not involved 
in regulation measured by these reporter assays, but is of importance when analysing 
endogenous gene expression. This leaves aside that the mechanism through which PRMT6 
activates FOXO4 in these luciferase reporter assays remains to be elucidated. Currently 

up

1 9

11

213

1300

429

assay 1 assay 2

assay 3

Figure 2: Venn diagram
Venn diagram of genes upregulated by FOXO4 in 3 different micro-array assays. Assay 1 and 2 were 
performed simultaneously, assay 3 was performed independently.
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we are performing chromatin Immunoprecipitation experiments to investigate whether 
the inhibitory effect of PRMT6 on FOXO4 regulation of endogenous genes is subject to 
methylation of H3R2 by PRMT6 and that FOXO4 is involved in the recruitment of PRMT6 
to the chromatin.
Our array results also reveal some interesting novel biologically relevant functions for 
PRMT6, dependent as well as independent of FOXO4. Within the group of cell cycle genes 
upregulated by PRMT6 we find two interesting targets, PDS5A and FSD1, induced 5.58 and 
3.78 fold respectively. However, when FOXO4 is co-expressed their transcription is reduced 
to 1.28 and 1.27 fold. This may be taken to suggest that FOXO4 overexpression can also titrate 
away PRMT6 from promoters that are regulated by other transcriptional regulators. PDS5A 
is presumed to play a role in sister chromatid cohesion during mitosis. Interestingly, sister 
chromatid cohesion only occurs after deacetylation of centromeric H3K4 (9). Dimethylation 
of H3R2 prevents trimethylation of H3K4 and acetylation of H3K4 prevents methylation 
at this site. Thus it will be interesting to further investigate whether PRMT6 and possibly 
FOXO4 could play a role in regulating the sister chromatid cohesion and the mitotic “histone 
code”. FSD1 is a centrosome associated protein that associates with microtubules and is 
thought to be involved in stabilisation and organisation of microtubules during cytokinesis. 
Literature on this protein is limited and connection with neither FOXO4 nor PRMT6 has 
been described yet. 
In the group of genes that are involved in transcription we find quite some genes up or 
downregulated by the three overexpression conditions. All downregulated genes in the 
transcription genes group stay within the range of 1.25 to 1.42 fold downregulation and as an 
example of the biological changes within the experiment we find MDM2 to be downregulated 
1.27 and 1.40 fold upon FOXO4 and PRMT6 co-expression. Within the upregulated genes 
we find four genes more than 2 fold upregulated and these we will discuss briefly. PRMT6 
mediates gene expression of TAF7, a component of the TFIID protein complex that functions 
as a transcriptional co-activator. TAF7 has been described to physically interact with DNA 
bound phosphorylated c-Jun. In response to extracellular signals TAF7 acts as a co-activator 
in mediating c-Jun dependent activation of AP-1 target genes (10). Id1 (inhibitor of DNA 
binding 1) is another transcriptional repressor that is upregulated by PRMT6. FOXO3a has 
been reported to downregulate Id1 both at transcriptional and protein level (11). In BCR-
Abl transformed cells high Id1 expression levels correlate with increased PKB activation 
and elevated FOXO3a phosphorylation. Overexpression of PRMT6 seems to overrule the 

assay 1 
FOXO4 + PRMT6 up

assay 2 
FOXO4 down

43811143

Figure 3: Venn diagram.
Venn diagram of genes upregulated by FOXO4 and PRMT6 compared to FOXO4 down in assay 2.
Table 1. Genes found to be downregulated by FOXO4 and upregulated by FOXO4 + PRMT6

Gene downregulated 
by FOXO4 

upregulated by 
FOXO4 and 

PRMT6 
PDXK -1.28 1.27 
BTBD14A -1.32 1.38 
BRD8 -1.40 1.25 
CTNND2 -2.25 1.26 
FAM122C -3.25 1.29 
FSD1 -3.32 3.78 
TEX13A -4.23 5.98 
PDS5A -4.53 5.58 
TEX28 -4.59 1.27 
AGK -5.28 1.56 
KIRRE

L3 
-5.46

 
7.41
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inhibitory effect of endogenous FOXO on Id1 transcription. Co-expression of FOXO4 and 
PRMT6 results in upregulation of TLE4, the mammalian homologue of the drosophila 
groucho protein (12). TLE4 is a  transcriptional corepressor that inhibits transcriptional 
activation of the Wnt pathway through inhibition of the TCF/b-catenin interaction. Groucho 
proteins can bind to histone H3 (13) and interact with histone deacetylases (14,15) forming a 
multiprotein-DNA complexes that can locally repress chromatin structure.
CBY or chibby is a gene directly involved in repression of b-catenin activity. CBY forms 
a complex with 14-3-3 protein and b-catenin (16) thereby transporting b-catenin out of the 
nucleus dependent on the NES of CBY (17). Upregulation of CBY by PRMT6 could be 
a mode to prevent FOXO4 and b-catenin co-localisation thus inhibiting their interaction. 
Although we do not find many genes being highly up or downregulated that are involved in 
signal transduction there are some genes we want to focus our attention to as they have been 
described as FOXO target genes. Among the genes upregulated by FOXO4 and PRMT6 
we find the insulin receptor substrate 2 (IRS2) that acts as a molecular adaptor between 
the insulin receptor, diverse receptor tyrosine kinases and downstream effectors. IRS2 is 
the main regulator of the insulin/PI3K/PKB pathway (18). Dysregulation of IRS2 signalling 
eventually results in the onset of diabetes due to lack of insulin secretion (19), excessive 
gluconeogenesis, high levels of free fatty acid and glycerol levels during hyperinsulineamia 
and decreased hepatic glycogen synthesis (20).  Nuclear FOXO1 has been described to 
increase IRS2 gene expression through the insulin response element thereby inducing activity 
of the PI3K/PKB pathway and consequent phosphorylation and relocalisation of FOXO1 to 
the cytoplasm (18).  
Another gene we would like to address is GNB3. This gene shows the largest increase of 
expression upon PRMT6 overexpression and a strong decline in expression if we cotransfect 
FOXO4 along with PRMT6 (from 17.66 to 5.16 respectively). GNB3 is a guanine nucleotide 
binding protein that acts as a modulator in various transmembrane signalling systems. 
Mutations in GNB3 have often been linked to diseases such as hypertension, metabolic 
syndrome (21), depressive disorders (22), obesity and diabetes (reviewed in (23)). Although 
it is reckoned that FOXOs play a role in the progression of diabetes type II, a link between 
GNB3 and FOXO has not been mentioned yet. The strong upregulation of GNB3 we observe 
by PRMT6 expression would indicate an important regulatory role for PRMT6 in signal 
transduction through G proteins that can be counteracted by FOXO4. 
When expressed separately FOXO4 and PRMT6 do not have much influence on genes 
involved in DNA damage repair and apoptosis, however when they are co-expressed we see 
12 genes upregulated. One gene was found to be upregulated over two fold by PRMT6 and 
PRMT6 together with FOXO4 and this is the gene FSBP that encodes for a protein  that is part 
of the DEAD-like helicase superfamily. FSBP binds to double stranded DNA and displays 
ATP-ase activity. On the other side, both PRMT6 and FOXO4 downregulate genes involved 
in DNA damage repair and apoptosis. Up to 20 genes were downregulated when FOXO4 
and PRMT6 were expressed together. As the cells were grown under standard cell culture 
conditions it is difficult to pinpoint a specific role for FOXO4 and PRMT6 on expression of 
these genes. In the oxidation response group we find PRMT6 to upregulate 10 genes of which 
only one shows a fold increase greater than 2. CBR4 is upregulated by PRMT6 as wel well as 
by PRMT6 and FOXO4 together although FOXO4 co-expression results in a slight decrease 
of transcription. CBR4 is a carbonyl reductase that plays a role in biosynthesis of fatty acids 
in mitochondria. Carbonyl reduction is an oxidoreductase process that regulates the activation 
and inactivation of important signalling molecules such as steroids, prostaglandines and 
retinoids. Furthermore, quinone reduction through CBR4 generates superoxide through 
redox cycling which suggests that the enzyme might be involved in inducing apoptosis (24). 
Although PRMT6 induced upregulation of the gene TXN was little  we would like to discuss 
this gene as it thought to be involved in the oxidative stress response induced by caloric 
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restriction (25), like FOXO4. TXN is a gene that codes for the oxido-reductase activity 
possessing protein thioredoxin. Thioredoxin function depends on its cellular localisation. 
In the cytosol, protein interaction is mediated via its active cysteines through formation of 
disulfide bridges. Furthermore association of reduced thioredoxin with ASK1 inhibits AKT1 
kinase activity and consequently prevents induction of apoptosis (26). Increase in oxidative 
stress results in the dissociation of thioredoxin and ASK1 which results in activation of p38 
and JNK and consequent phosphorylation and activation of FOXO (reviewed in (27)). Under 
specific conditions thioredoxin translocates to the nucleus where it can interact directly or 
indirectly with transcription factors. By reducing oxidised transcription factors thioredoxin 
allows them to interact with DNA (28). Another gene downregulated by co-expression of 
FOXO4 and PRMT6 results in downregulation of expression is SESN2. SESN2 catalyses 
the reduction of sulfinic acid in an ATP-dependent manner (29-32). Sestrin 2 belongs to 
a family of closely related genes that comprise Sestrin 1, -2 and -3. FOXOs have been 
shown to mainly induce transcription of Sestrin 3 that functions as an antioxidant enzyme 
involved in clearance of ROS from the cell (33), while Sestrin 1 and 2 mainly respond to p53 
(29,34). Activation of Sestrin 2 by p53 results in decreased MTOR activity upon genotoxic 
challenge (29). We find p53 activated Sestrin 2 to be downregulated by PRMT6 and FOXO4 
co-expression. Interestingly we also find RHEB, an activator of the MTOR pathway, to 
be downregulated upon PRMT6 and FOXO4 co-expression. In drosophila chronic TOR 
activation leads to accumulation of reactive oxygen species and this causes activation of 
JNK and consequent phosphorylation and activation of FOXO. FOXO mediated Sestrin 2 
expression results in a decrease of GTP loading on Rheb thereby inhibiting MTOR signalling 
(35). Within the metabolism group one gene peaks upon PRMT6 overexpression and this is 
AGK (acylglycerol kinase) that phosphorylates both monoacylglycerol and diacylglycerol to 
form lysophosphatidic acid (LPA) and phosphatidic acid (PA). High levels of AGK result in 
increased formation of LPA that transactivates EGFR and the downstream MAPK pathway. 
PRMT6 overexpression results in the upregulation of CBX2 that encodes for a component 
of the polycomb multiprotein complex that maintains genes in a transcriptionally inactive 
state through modification of histones and chromatin remodelling. Recently Guccione 
et al. discovered by performing hierarchical clustering analysis of qChIP data that active 
chromatin methyl-lysines were clustered with histone acetyl lysines that were specific for 
distinct populations of promoters. H3R2 excludes methylation of H3K4 and this is linked 
to trimethylation of H3K27 which is catalysed by the polycomb group of proteins (36).  In 
the presence of histone 3 K27 di- and tri-methylation PRMT6 activity towards H3 peptide is 
enhanced while H3K4 or H3K9 di- or tri-methylation results in reduced PRMT6 activity (8). 
With respect to the latter when PRMT6 is co-expressed with FOXO4 we find the number of 
downregulated genes (188 down) to be  considerably higher compared to PRMT6 alone (68 
down) or FOXO alone (60 down). 
NSD1 (nuclear receptor-binding SET-domain) expression is upregulated by both PRMT6 
alone and PRMT6 with FOXO4. It is suggested that NSD proteins are involved in chromatin 
regulation although methyltransferase activity has not been shown yet. NSD1 co-regulates 
androgen receptor mediated gene transcription. In prostate cancer cells NSD1 is involved in 
androgen receptor transactivation in an additive manner with the histone acetyltransferase P/
CAF (37). 
BTG2 (B cell translocation gene 2) transcription is downregulated by co-expression of 
FOXO4 and PRMT6. BTG2 is part of the basal retinoic acid receptor alpha (RARα) complex 
together with, the PRMT6 family member, PRMT1. In response to RA BTG2 levels increase 
and BTG2 and PRMT1 are released from RARα thereby decreasing histone H4 methylation 
and increasing histone H4 acetylation which results in chromatin remodelling favouring 
cell differentiation (38). The BTG2 family member BTG1 has also been described to 
activate PRMT1 (39). Interestingly BTG1 expression is directly regulated by FOXO3a (39). 
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Downregulation of BTG2 expression through co-expression of PRMT6 and FOXO4 would 
indicate a role for PRMT6 in preventing cell differentiation to occur. 
A set of genes that was found highly upregulated by PRMT6 are the heat shock proteins. 
However ectopic expression of genes often results in increased protein synthesis which leads 
to upregulation of heat shock proteins involved in proper folding of these proteins. For this 
reason we decided not to focus on these genes in this assay.
The last group we would like to mention briefly are genes that were upregulated more than 2 
fold but do not fall within the groups described above.
PRMT6 upregulates the zinc finger protein ZNF44 more than 2 fold. However, very little 
is known on this gene and further research is needed before we can administer a functional 
role for PRMT6 on ZNF44. The next protein upregulated over 2 fold by PRMT6 is the 
endoplasmic reticulum (ER) stress regulated transmembrane transcription factor ATF6. 
Upon ER stress a nuclear form of ATF6 interacts with YY1 and together they bind to the 
promoter of chaperone protein Grp78. YY1 recruits the PRMT6 family member PRMT1 to 
the promoter which results in modulation of the chromatin (40). The last gene we describe  
is CREB3L2 that is upregulated by FOXO4 and its transcription is slightly enhanced when 
PRMT6 is co-expressed. CREB3L2 (cAMP responsive element binding protein 3-like 2) is 
activated upon late phase ER stress and regulates transcription of unfolded protein response 
target genes, thus preventing accumulation of unfolded proteins. FOXO3a has been found 
to bind to the promoter of CREB3L2 (41) implicating here that FOXO4 can also bind to the 
promoter.
In summary, we have studied the role of PRMT6 in regulating gene expression by FOXO4 
using overexpression in 293T cells and microarray analysis. Our results show that PRMT6 
can regulate gene expression dependent and independent of FOXO4. When combined with 
FOXO4 it can act both as a co-repressor as well as co-activator of transcription. Corepression 
we consider likely to involve H3R2 dimethylation, whereas the mechanism whereby PRMT6 
may act as co-activator remains to be determined. Furthermore, to increase the power of the 
array data we compared three different data sets for FOXO4 induced up- or downregulated 
genes. Although large differences in expression of genes regulated by FOXO4 were observed, 
it suggested that the level of overexpression limits the overlap between different data sets. To 
date little is known on the role of PRMT6 on gene expression and this study provides a first 
step in furthering our understanding. 
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PRMT6 upregulated genes 
Gene ID Uniprot Process/Function Fold 

change 
 
  Cell cycle:  
PDS5A  cell cycle 5.58 
FSD1  cell cycle 3.78 
NOX5 Q96PH1 cytokinesis, proliferation, apoptosis 1.83 
LYRM1 O43325 cell proliferation and inhibition of apoptosis 1.68 
BTBD14A Q96BF6 positive regulation of cell proliferation, negative regulation 

of transcription 
1.67 

CENPF  mitotic cell cycle 1.50 
SF4 Q8IWZ8 cytokinesis, proliferation, apoptosis 1.44 
PDCD6IP Q8WUM4 apoptosis, cell cycle 1.29 
RETNLB Q9BQ08 cell proliferation 1.26 
ANAPC5 Q9UJX4 G2/M transition of mitotic cell cycle  1.25 

 
  Transcription  
CBX2 Q14781 chromatin assembly or disassembly, negative regulation of 

transcription from RNA polymerase II promoter 
3.10 

ZNF44 P15621 DNA-dependent regulation of transcription  2.62 
ATF6 P18850 DNA-dependent regulation of transcription r egulation of 

transcription from RNA polymerase II promoter   
2.41 

MYF6 P23409 somitogenesis, DNA-dependent regulation of transcription, 1.59 
NSD1 Q96L73 negative regulation of transcription from RNA polymerase 

II promoter 
1.57 

PTK7 Q13308 signal transduction, cell adhesion 1.57 
VGLL4 Q14135 regulation of transcription 1.56 
RFX1 P22670 regulation of transcription, DNA-dependent 1.56 
ETV7 Q9Y603 DNA-dependent regulation of transcription 1.50 
ZNF19 P17023 DNA-dependent regulation of transcription  1.46 
KIF26A  regulation of cell growth by extracellular stimulus, negative 

regulation of signal transduction 
1.43 

EN1 Q05925 DNA-dependent regulation of transcription, skeletal system 
development 

1.39 

SOX1 O00570 chromatin organisation, DNA-dependent regulation of 
transcription,  

1.38 

ID1 P41134 angiogenesis, apoptosis, negative regulation of 
transcription from RNA polymerase II promoter 

1.34 

CDK8 P49336 regulation of transcription 1.34 
BNC2 Q6ZN30 regulation of transcription 1.33 
ZNF598 Q86UK7 DNA-dependent regulation of transcription,  1.30 
NKX2-8 O15522 DNA-dependent regulation of transcription,  1.29 
TXN P10599 negative regulation of transcription from RNA polymerase 

II promoter, peptide disulfide oxidoreductase activity 
1.27 

TTLL5 Q6EMB2 transcription, protein modification process, tubulin-tyrosine 
ligase activity 

1.26 

UNC84B Q9UH99 DNA-dependent regulation of transcription, nuclear 
envelope organisation, mitotic spindle organization 

1.26 

TAF7 Q15545 negative regulation of transcription from RNA polymerase 
II promoter 

1.26 

 
  Signal transduction  
PTGER1 P34995 G-protein coupled receptor protein signaling pathway 2.41 
CTNND2 Q9UQB3 morphogenesis of a branching structure, cell adhesion, 

signal transduction 
2.31 

OR5U1 Q9UGF5 G-protein coupled receptor protein signaling pathway 1.72 
CBY1 Q9Y3M2 negative regulation of Wnt receptor signaling pathway 

protein localisation 
1.71 

PTK7 Q13308 signal transduction, cell adhesion 1.57 
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A1A5D9_HUMAN  signal transduction 1.55 
HTR1B P28222 G-protein coupled receptor protein signaling pathway 1.47 
KIF26A  regulation of cell growth by extracellular stimulus, negative 

regulation of signal transduction 
1.43 

WNT9B O14905 Wnt receptor signaling pathway, calcium modulating 
pathway 

1.34 

RASGEF1B  small GTPase mediated signal transduction 1.27 
CENTG2 Q9UPQ3 small GTPase mediated signal transduction 1.27 

 
  Oxidation response  
CBR4  oxidoreductase activity 6.87 
LPO P22079 oxidation reduction, hydrogen peroxide catabolic process 1.56 
ALDH3A1 P30838 response to hypoxia, cellular aldehyde metabolic process 1.33 
PECR Q9BY49 oxidation reduction, regulation of apoptosis, fatty acid 

biosynthetic process 
1.33 

NDUFA1 O15239 NADH dehydrogenase (ubiquinone) activity 1.29 
NOS1 P29475 response to hypoxia, regulation of sodium ion transport, 

arginine catabolic process 
1.27 

CIDEB Q9UHD4 DNA damage response, signal transduction resulting in 
induction of apoptosis 

1.27 

SARDH :Q9UL12 oxidation reduction, glycine catabolic process 1.26 
TXN P10599 negative regulation of transcription from RNA polymerase II 

promoter, peptide disulfide oxidoreductase activity 
1.27 

 
  Metabolism  
AGK Q53H12 metabolic process 6.82 
ECE2 O60344 proteolysis metabolic process 2.22 
COMMD1 Q8N668 copper metabolism 1.74 
SPTLC2 O15270 sphingomyelin biosynthetic process metabolism 1.43 
NPL Q9BXD5 carbohydrate metabolic process 1.33 
KIAA0427 O43310 RNA metabolic process, regulation of translational initiation 1.27 

 
  Transport  
FAM125A Q96EY5 protein transport 2.10 
CACNA1S Q13698 skeletal system development calcium ion transport 2.01 
KCND1 Q9NSA2 potassium ion transport 2.01 
SLC39A7 Q92504 zinc ion transport 1.84 
SLC35E1 Q96K37 transport 1.64 
KIF1C O43896 Golgi to ER retrograde vesicle-mediated transport,  1.45 
CLIC3 O95833 chloride transport 1.40 
ENAH Q8N8S7 intracellular transport, axon guidance, actin polymerization 

or depolymerization 
1.35 

ATP5E P56381 mitochondrial ATP synthesis coupled proton transport 1.34 
SLC30A2 Q9BRI3 zinc ion transport 1.33 
NDUFB1 O75438 mitochondrial electron transport, NADH to ubiquinone 1.29 
COX17 Q14061 generation of precursor metabolites and energy copper ion 

transport 
1.29 

NDUFA4 uniprot:O00483 mitochondrial electron transport, NADH to ubiquinone 1.27 
UQCR O14957 mitochondrial electron transport, ubiquinol to cytochrome c 1.26 

 
  Protein folding  
HSPA1B P08107 chaperone response to unfolded protein 6.72 
HSPA6 P17066; P48741 chaperone response to unfolded protein 5.62 
HSP71_HUMAN P08107 chaperone response to unfolded protein 2.39 
HSPH1 Q92598 chaperone response to unfolded protein 2.31 
DNAJB1 P25685 chaperone response to unfolded protein 2.11 
FKBPL Q9UIM3 protein folding 2.10 
HSP90AA2 P07900 chaperone response to unfolded protein 1.75 
BAG3 O95817 protein folding 1.59 
SERPINH1 P50454 response to unfolded protein protein maturation 1.49 
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HMCN1 Q96RW7 visual perception, proteolysis 1.27 
XPNPEP3 Q9NQH7 peptidase activity, manganese ion binding 1.27 
ISCU Q9H1K1 iron-sulfur cluster assembly 1.26 
SNRPD2 P62316 spliceosome assembly 1.26 
MYO15B Q96JP2 - 1.25 
BRUNOL5  mRNA processing 1.25 
 
 
FOXO4 upregulated genes 
Gene ID Uniprot Process/Function Fold 

change 
 
  Transcription  
CREB3L2 Q70SY1 response to unfolded protein, DNA-dependent regulation of 

transcription,  2.14 
KLF5 Q13887 DNA-dependent regulation of transcription, angiogenesis, 

positive regulation of cell proliferation 1.27 
NRIP2 Q9BQI9 proteolysis, negative regulation of transcription from RNA 

polymerase II promoter 1.26 
 

  Signal transduction  
ANK3 Q12955 signal transduction, establishment of protein localization 1.31 
CCL17 Q92583 G-protein coupled receptor protein signaling pathway, cell-

cell signalling 1.27 
SDCBP O00560 metabolic process, Ras protein signal transduction, 

substrate-bound cell migration, cell extension, 
oxidoreductase activity 

 

RAMP1 O60894 G-protein coupled receptor protein signaling pathway 1.27 
 

  Protein folding  
TOR2A Q5JU69 

Q8N2E6 
chaperone mediated protein folding requiring cofactor 

1.32 
 

  DNA repair/arrest/apoptosis  
ITM2B Q9Y287 apoptosis 1.31 
    
    

 
  Miscellaneous  
SYNPO2L Q9H987 modulating actin-based shape 1.66 
C10orf10 Q9NTK1 - 1.59 
C13orf15 Q9H4X1 translation, ribosome biogenesis 1.56 
TUBA4B  microtubule-based movement, protein polymerisation 1.41 
FAM115A  - 1.36 
WIZ O95785 zinc ion binding 1.34 
TFPI P10646 blood coagulation, extrinsic pathway 1.33 
TIMP2 

P16035 
negative regulation of cell proliferation, regulation of cAMP 
metabolic process, regulation of MAPKKK cascade 1.31 

CALB2 P22676 calcium ion binding 1.28 
ALS2CR13  - 1.27 
TMSB10 P63313 cytoskeleton organization 1.27 
C4orf34 Q96QK8 protein binding 1.27 
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FOXO4 + PRMT6 upregulated genes 
Gene ID uniprot Process/Function Fold 

change 
 
  Cell cycle:  
NOX5 Q96PH1 cytokinesis, proliferation, apoptosis 1.84 
PTPN7 P35236 cell proliferation and inhibition of apoptosis 1.59 
LYRM1 O43325 cell proliferation and inhibition of apoptosis 1.49 
BTBD14A Q96BF6 positive regulation of cell proliferation, negative regulation 

of transcription 
1.37 

SF4 Q8IWZ8 cytokinesis, proliferation, apoptosis 1.37 
MAPK13 O15264 cell cycle, intracellular protein kinase cascade 1.35 
RS27_HUMAN P42677 cell proliferation, translation 1.33 
CDKN2C P42773 induction of apoptosis, G1/S transition of mitotic cell cycle 1.33 
 EHF Q9NZC4 cell proliferation, DNA-dependent regulation of 

transcription, epithelial cell differentiation 
1.31 

PDS5A  cell cycle 1.28 
RGS2 P41220 regulation of G-protein coupled receptor protein signaling 

pathway, cell cycle, brown fat cell differentiation 
1.27 

UBC P62987 
P62988 

cell cycle apoptosis, antiapoptosis 1.27 

PDXK O00764 cell proliferation, pyridoxine biosynthetic process 1.27 
FSD1  cell cycle 1.27 
CENPF  mitotic cell cycle 1.27 
RABGAP1  regulation of Rab GTPase activity, cell cycle 1.25 

 
  Transcription   
CREB3L2 Q70SY1 response to unfolded protein, DNA-dependent regulation 

of transcription, 
2.48 

NRIP2 Q9BQI9 proteolysis, negative regulation of transcription from RNA 
polymerase II promoter 

1.95 

FOXP1 Q9H334 DNA-dependent regulation of transcription, 1.49 
ING4 Q9UNL4 zinc ion binding, transcription coactivator activity 1.38 
HOXA1 uniprot:P49639 DNA-dependent regulation of transcription  1.37 
VGLL4 Q14135 regulation of transcription 1.34 
ETV1 P50549 DNA-dependent regulation of transcription,  1.32 
RFX1 P22670 DNA-dependent regulation of transcription  1.31 
EHF Q9NZC4 cell proliferation, DNA-dependent regulation of 

transcription, epithelial cell differentiation 
1.31 

C11orf30 Q7Z589 dna repair, chromatin modification, regulation of 
transcription 

1.31 

RPS14 P62263 negative regulation of transcription from RNA polymerase 
II promoter 

1.30 

FOXP2 O15409 DNA-dependent regulation of transcription  1.30 
ISL1 P61371 generation of precursor metabolites and energy, DNA-

dependent regulation of transcription 
 

GTF2B Q00403 transcription initiation, DNA-dependent regulation of 
transcription,  

1.28 

UNC84B Q9UH99 DNA-dependent regulation of transcription, nuclear 
envelope organisation, mitotic spindle organization 

1.28 

MYB uniprot:P10242 transcription regulator activity 1.27 
EN1 Q05925 DNA-dependent regulation of transcription, skeletal 

system development 
1.27 

MYF6 P23409 somitogenesis, DNA-dependent regulation of 
transcription, 

1.27 

TLE4 Q04727 negative regulation of transcription, Wnt receptor signaling 
pathway 

1.26 

BRD8 Q9H0E9 chromatin modification, DNA-dependent regulation of 
transcription,  

1.25 

KIF26A  regulation of cell growth by extracellular stimulus, negative 1.25 
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NSD1 Q96L73 negative regulation of transcription from RNA polymerase II 
promoter 

1.25 

 
  Signal transduction  
PAMCI  signal transduction, protein targeting, endosome transport 1.65 
CCL17 Q92583 G-protein coupled receptor protein signaling pathway, cell-

cell signalling 
1.50 

EFHB Q8N7U6 calcium ion binding, signal transduction 1.42 
IRS2 Q9Y4H2 signal transduction, glucose metabolic process 1.42 
RAMP1 O60894 G-protein coupled receptor protein signaling pathway 1.37 
EPHB3 P54753 signal transduction, transmembrane receptor protein 

tyrosine kinase signaling pathway 
1.37 

AES Q08117 Wnt receptor signaling pathway, transcription corepressor 
activity, negative regulation of protein binding 

1.37 

HTR1A P08908 G-protein coupled receptor protein signaling pathway, 
positive regulation of cell proliferation 

1.30 

ARHGEF18  regulation of cell shape, small GTPase mediated signal 
transduction, apoptosis 

1.30 

EDG4 Q9HBW0 G-protein coupled receptor protein signaling pathway, 
activation of MAPK activity 

1.28 

RGS2 P41220 regulation of G-protein coupled receptor protein signaling 
pathway, cell cycle, brown fat cell differentiation 

1.27 

CTNND2 Q9UQB3 morphogenesis of a branching structure, cell adhesion, 
signal transduction 

1.26 

TLE4 Q04727 negative regulation of transcription, Wnt receptor signaling 
pathway 

1.26 

GPR37L1 O60883 G-protein coupled receptor protein signaling pathway 1.25 
KIF26A  regulation of cell growth by extracellular stimulus, negative 

regulation of signal transduction 
1.25 

 
  Oxidation response  
CBR4  oxidoreductase activity 5.74 
CDO1 Q16878 sulfur amino acid biosynthetic process, cysteine metabolic 

process, oxidoreductase activity 
1.35 

CYP4B1 P13584 oxidation reduction, cellular aromatic compound metabolic 
process 

1.31 

MGST3 O14880 peroxidase activity, glutathione transferase activity 1.27 
COX7A2L O14548 cytochrome-c oxidase activity 1.27 

 
  Metabolism  
CYP26A1 O43174 retinoic acid catabolic process, metabolic process 1.71 
ARID5B Q14865 nitrogen compound metabolic process, multicellular 

organism growth 
1.67 

AGK Q53H12 metabolic process 1.56 
IRS2 Q9Y4H2 signal transduction, glucose metabolic process 1.42 
APRT P07741 nucleoside metabolic process, adenine 

phosphoribosyltransferase activity 
1.38 

CDO1 Q16878 sulfur amino acid biosynthetic process, cysteine metabolic 
process, oxidoreductase activity 

1.35 

COMMD1 Q8N668 copper metabolism 1.32 
FOLR1 P15328 receptor-mediated endocytosis. folic acid metabolic process 1.31 
CYP4B1 P13584 oxidation reduction, cellular aromatic compound metabolic 

process 
1.31 

CYP39A1 Q9NYL5 lipid metabolic process 1.31 
A4GNT Q9UNA3 carbohydrate metabolic process 1.27 
ASS1 P00966 cellular amino acid biosynthetic process, urea cycle 1.26 

 
  Transport  
FAM125A Q96EY5 protein transport 1.67 
CACNA1S Q13698 skeletal system development calcium ion transport 1.60 
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SLC39A7 Q92504 zinc ion transport 1.59 
SYT1 P21579 detection of calcium ion, transport, regulation of exocytosis 1.35 
ATP5E P56381 mitochondrial ATP synthesis coupled proton transport 1.35 
GLRB P48167 ion transport 1.34 
NDUFB1 O75438 mitochondrial electron transport, NADH to ubiquinone 1.28 
CLIC3 O95833 chloride transport 1.28 
DNAH1  microtubule-based movement 1.27 
NDUFA2 O43678 mitochondrial electron transport, NADH to ubiquinone 1.27 
G3BP1 Q13283 transport, Ras protein signal transduction 1.26 
DISP1  peptide transport, embryonic pattern specification 1.26 
TOMM7 Q9P0U1 protein targeting to mitochondrion, protein transport 1.26 

 
  Protein folding  
HSPA6 P17066 

P48741 
chaperone response to unfolded protein 9.45 

HSPA1B P08107 chaperone response to unfolded protein 6.45 
DNAJB1 P25685 chaperone response to unfolded protein 2.69 
CREB3L2 Q70SY1 response to unfolded protein, DNA-dependent regulation of 

transcription, 
2.48 

HSP71_HUMAN P08107 chaperone response to unfolded protein 2.03 
HSPH1 Q92598 chaperone response to unfolded protein 1.68 
TOR2A Q5JU69 Q8N2E6 chaperone mediated protein folding requiring cofactor 1.47 
HSP90AA2 P07900 chaperone response to unfolded protein 1.40 
SERPINH1 P50454 response to unfolded protein protein maturation 1.38 
HSPD1 P10809 'de novo' protein folding 1.29 

 
  DNA repair/arrest/apoptosis  
FSBP_HUMAN O95073 double-strand break repair via homologous recombination 2.41 
NOX5 Q96PH1 cytokinesis, proliferation, apoptosis 1.84 
PTPN7 P35236 cell proliferation and inhibition of apoptosis 1.59 
LYRM1 O43325 cell proliferation and inhibition of apoptosis 1.49 
ARHGEF3 Q9NR81 induction of apoptosis by extracellular signals, Rho protein 

signal transduction 
1.45 

SF4 Q8IWZ8 cytokinesis, proliferation, apoptosis 1.37 
CDKN2C P42773 induction of apoptosis, G1/S transition of mitotic cell cycle 1.33 
C11orf30 Q7Z589 dna repair, chromatin modification, regulation of 

transcription 
1.31 

ARHGEF18  regulation of cell shape, small GTPase mediated signal 
transduction, apoptosis 

1.30 

ITM2B Q9Y287 apoptosis 1.27 
MICA  immune response, response to DNA damage stimulus 1.27 
UBC P62987 

P62988 
cell cycle apoptosis, antiapoptosis 1.27 

 
  Miscellaneous  
GNB3 P16520 GTPase activity 5.16 
C13orf15 Q9H4X1 translation, ribosome biogenesis 2.50 
KIAA0652 O75143 autophagic vacuole assembly 1.87 
SYNPO2L Q9H987 modulating actin-based shape 1.78 
KIRREL3 Q8IZU9 heamopoiesis 1.56 
TEX13A Q9BXU3 zinc ion binding 1.55 
TFPI P10646 blood coagulation, extrinsic pathway 1.49 
CALB2 P22676 calcium ion binding 1.46 
C10orf10 Q9NTK1 - 1.46 
HIST1H2APS4 Q92646 - 1.45 
CD2 P06729 cell-cell adhesion, induction of apoptosis, cell surface 

receptor linked signaling pathway 
1.44 

Q9H9R1_HUMAN  - 1.44 
RPL18A Q02543 translational elongation 1.42 
WIZ O95785 zinc ion binding 1.42 
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MUC4 Q99102 negative regulation of cell-matrix adhesion, transport 1.41 
NP_001092764.1  - 1.40 
FAT4  homophilic cell adhesion 1.38 
CECR7  - 1.38 
THBS2 P35442 cell adhesion 1.35 
RPS11P1  - 1.34 
H3F3B P84243 nucleosome assembly 1.33 
GJA3 :Q9Y6H8 Selective gap junction blocker 1.33 
MRPL33 O75394 translation 1.33 
SNORA69  - 1.32 
RP3-336K20__B.2  - 1.32 
C3orf64  transferase activity, transferring glycosyl groups 1.32 
C1orf63  - 1.31 
EHF Q9NZC4 cell proliferation, DNA-dependent regulation of 

transcription, epithelial cell differentiation 
1.31 

KIAA1984 Q3YEC7 - 1.31 
C7orf34 Q96L11 proteolysis 1.31 
LONRF3 Q496Y0 proteolysis 1.31 
Q9NQ39_HUMAN  - 1.30 
RAPGEF4 Q8WZA2 cAMP-dependent protein kinase regulator activity 1.30 
SNORD24  - 1.30 
FAM115A  - 1.30 
CHRDL2 Q6WN34 cell differentiation 1.29 
RP4-717I23.3  - 1.29 
RPS28 P62857 translation 1.29 
EEF1A1 P68104 translational elongation 1.29 
FAM122C Q6P4D5 - 1.29 
RP1-6P5.2  - 1.28 
ALS2CR13  - 1.28 
SNORD116-20  - 1.28 
EEF1D P29692 signal transducer activity, translation elongation factor 

activity 
 

UBE3B Q7Z3V4 ligase activity  
LEFTY1 O75610 cytokine activity, growth factor activity 1.27 
HNRNPA1 P09651 mRNA processing 1.27 
NP_001087232.1  - 1.27 
RPS4Y1 P22090 translational elongation 1.27 
SNORD23 Q9NZM5 - 1.27 
MRPS6 P82932 translation 1.27 
Q86XQ1_HUMAN  - 1.27 
Q8IX83_HUMAN  - 1.27 
AVP P01185 generation of precursor metabolites and energy 1.27 
HECW1 Q76N89 protein modification process 1.27 
TNRC4  regulation of alternative nuclear mRNA splicing, via 

spliceosome 
1.27 

TEX28 O15482 zinc ion binding 1.27 
C6orf108 O43598 hydrolase activity, acting on glycosyl bonds 1.26 
RPS9 P46781 translational elongation 1.26 
RP3-390O13.1  - 1.26 
RPS7 P62081 translational elongation 1.26 
RPS5 P46782 translational elongation 1.26 
RPL7AL2  - 1.25 
TMSB10 P63313 cytoskeleton organization 1.25 
SEC11A P67812 proteolysis, signal peptide processing 1.25 
RP11-499P20.2  - 1.25 
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PRMT6 downregulated genes 
Gene ID uniprot Process/Function Fold 

change 
 

Cell cycle 

PSMD11 O00231 
anaphase-promoting complex-dependent proteasomal 
ubiquitin-dependent protein catabolic process 

-1.25 

PRC1 O43663 cell cycle -1.25 
CCNG1 P51959 cell cycle -1.27 
UBE1C Q8TBC4 proteolysis, mitotic cell cycle -1.27 

PCNP Q8WW12 
cell cycle, proteasomal ubiquitin-dependent protein 
catabolic process 

-1.29 

ASPM Q8IZT6 cell cycle -1.31 
 

transcription 

TMPO 
P42167 
P42166 

regulation of transcription -1.25 

SMAD5 Q99717 DNA-dependent regulation of transcription -1.25 

BRWD1 Q9NSI6 
regulation of transcription from RNA polymerase II 
promoter 

-1.27 

ARFGAP3 Q9NP61 
intracellular protein transport, DNA dependent regulation of 
transcription 

-1.28 

MDM2 Q00987 

negative regulation of transcription from RNA polymerase II 
promoter, positive regulation of cell proliferation, protein 
ubiquitination 

-1.31 

ZBTB10 Q96DT7 
negative regulation of transcription from RNA 

polymerase II promoter 
-1.33 

GTF2I P78347 transcription initiation from RNA polymerase II promoter -1.39 
 

  signal transduction  

GEM P55040 
immune response, signal transduction, small GTPase 
mediated signal transduction 

-1.25 

C10orf97  
apoptosis, G-protein coupled receptor protein signaling 
pathway 

-1.28 

DEPDC1 Q5TB30 signal transduction -1.29 
 

metabolism 
PITPNB P48739 lipid metabolic process -1.32 

 
  transport  
MOBKL3 Q9Y3A3 transport -1.25 
NMD3  protein transport -1.27 
SLC25A32 Q9H2D1 transmembrane transport -1.27 
KIF5B P33176 microtubule-based movement -1.27 
TMED7 Q9Y3B3 transport -1.27 
TMED2 Q15363 transport -1.27 
LIN7C Q9NUP9 exocytosis, protein transport -1.28 

ARFGAP3 Q9NP61 
intracellular protein transport, DNA dependent regulation of 
transcription 

-1.28 

CHRFAM7A Q494W8 ion transport -1.28 
IPO9 Q96P70 intracellular protein transport, protein import into nucleus -1.29 
IPO8 O15397 intracellular protein transport -1.35 

CALD1 Q05682 
cellular component movement, actin filament bundle 
assembly 

-1.36 

LMAN1 P49257 ER to Golgi vesicle-mediated transport -1.39 
 

DNA repair/arrest/apoptosis 
PTPN11 Q06124 activation of MAPK, DNA damage checkpoint -1.25 
MSH2 P43246 DNA repair, oxidative phosphorylation -1.25 
MORF4L2 Q15014 chromatin modification, response to DNA damage stimulus, -1.27 
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RFC3 P40938 
DNA strand elongation involved in DNA replication 
nucleotide-excision repair, DNA gap filling 

-1.27 

RAD18 Q9NS91 DNA repair -1.27 

C10orf97  
apoptosis, G-protein coupled receptor protein signaling 
pathway 

-1.28 

USP10 Q14694 
ubiquitin-dependent protein catabolic process, DNA 
damage response 

-1.33 

GADD45A P24522 DNA repair, apoptosis, G2/M transition of mitotic cell cycle -1.39 
 

Oxidation response 
TGFBR1 P36897 response to hypoxia, activation of MAPKK activity -1.25 
MSH2 P43246 DNA repair, oxidative phosphorylation -1.25 

RRM2B Q7LG56 
oxidoreductase activity, ribonucleoside-diphosphate 
reductase activity 

-1.27 

 
miscellaneous 

GDAP1 Q8TB36 response to retinoic acid -1.25 
C6orf182 Q8IYX8 microtubule organizing center -1.25 
7-Mar Q9H992 - -1.25 
EIF5 P55010 translational initiation -1.25 
AASDHPPT Q9NRN7 transferase activity, magnesium ion binding -1.25 
C5orf15 Q8NC54 - -1.26 
WAC Q9BTA9 protein binding -1.27 
HEATR1 Q9H583 rRNA processing -1.27 
NOL11 Q9H8H0 - -1.27 
CAPZA1 P52907 actin cytoskeleton organisation, protein complex assembly -1.27 
C1orf121 Q9BSY9 - -1.27 

OTUD7B Q6GQQ9 
protein deubiquitination, modification-dependent protein 
catabolic process 

-1.27 

LYSMD3 Q7Z3D4 cell wall macromolecule catabolic process -1.27 
GPR180 Q86V85 - -1.28 
AL049742.1  - -1.29 
RBM26 Q5T8P6 mRNA processing -1.28 
EIF2S1 P05198 regulation of translation -1.28 
LARP4 Q71RC2 rna binding -1.31 
PJA2 O43164 modification-dependent protein catabolic process -1.31 
P11388-2  - -1.31 
YTHDC1 Q96MU7 RNA splicing -1.31 
DOCK7 Q96N67 cell differentiation, microtubule cytoskeleton organization -1.32 
FBXO22 Q8NEZ5 ubiquitin-dependent protein catabolic process -1.34 
DHX9 Q08211 RNA splicing -1.35 

CALD1 Q05682 
cellular component movement, actin filament bundle 
assembly 

-1.36 

MOBKL1B Q9H8S9 metal ion binding -1.37 
CNIH4 Q9P003 protein binding -1.38 
HMMR O75330 hyaluronic acid binding -1.38 
 
 
FOXO4 downregulated genes 
Gene ID uniprot Process/Function Fold 

change 
 

Cell cycle 
NOL5_HUMAN Q9Y2X3 RNA processing, cell growth -1.25 
AZI1 Q9UPN4 cell differentiation -1.26 
CLK1 P49759 protein folding, cell proliferation -1.27 
THAP1 Q9NVV9 endothelial cell proliferation -1.28 
RIOK3 O14730 chromosome segregation -1.28 
RASSF1 Q9NS23 cell cycle -1.30 
PLK2 Q9NYY3 mitotic cell cycle -1.33 
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Transcription 

SNAI2 
O43623 negative regulation of transcription from RNA polymerase II 

promoter  
-1.27 

MDM2 

Q00987 negative regulation of transcription from RNA polymerase II 
promoter, positive regulation of cell proliferation, protein 
ubiquitination 

-1.27 

GABPB2 Q06547 regulation of transcription -1.27 
PMS2L3  DNA dependent regulation of transcription -1.28 
SMAD5 Q99717 DNA-dependent regulation of transcription  -1.29 
ZNF79 Q15937 DNA dependent regulation of transcription -1.29 
CCNL1 Q9UK58 regulation of transcription -1.32 
ZBTB2 Q8N680 regulation of transcription -1.35 

ID3 
Q02535 negative regulation of transcription from RNA polymerase II 

promoter, regulation of DNA replication 
-1.37 

KLF10 
Q13118 induction of apoptosis, negative regulation of transcription 

from RNA polymerase II promoter, cell-cell signalling 
-1.41 

MDM2 

Q00987 negative regulation of transcription from RNA polymerase II 
promoter, positive regulation of cell proliferation, protein 
ubiquitination 

-1.41 

 
Signal transduction 

CDKN2AIP  signal transduction, cell growth, protein stability -1.28 
LGALS9 O00182 sugar binding, signal transducer activity -1.36 
SIPA1L3 O60292 regulation of small GTPase mediated signal transduction -1.41 

GEM 
P55040 immune response, signal transduction, small GTPase 

mediated signal transduction 
-1.50 

GDF15 Q99988 cell-cell signaling, signal transduction -1.62 
 

Metabolism 

PRKAB1 
Q9Y478 regulation of fatty acid oxidation, carbohydrate metabolic 

process 
-1.26 

FADS2  lipid metabolic process, -1.39 
THUMPD2 Q9BTF0 metabolic process, methyltransferase activity -1.50 
ATF3 P18847 gluconeogenesis, positive regulation of cell proliferation -1.50 

 
Transport 

TMED7 Q9Y3B3 transport -1.25 
RND3 P61587 cell adhesion, intracellular protein transport -1.36 
SEC31A  ER to Golgi vesicle-mediated transport -1.42 

 
DNA repair/arrest/apoptosis 

PSMC3IP  DNA recombination -1.27 

TP53I3 
Q53FA7 NADP metabolic process, induction of apoptosis by 

oxidative stress 
-1.31 

KLF10 
Q13118 induction of apoptosis, negative regulation of transcription 

from RNA polymerase II promoter, cell-cell signalling 
-1.41 

DDB2 Q92466  damaged DNA binding -1.47 
HSPB8 Q9UJY1 cell death -1.47 
ISG20L1  response to DNA damage stimulus, apoptosis -1.65 
GADD45A P24522 DNA repair, apoptosis, G2/M transition of mitotic cell cycle -2.13 

 
Oxidation response 

TP53I3 
Q53FA7 NADP metabolic process, induction of apoptosis by 

oxidative stress 
-1.31 

C1orf27  oxidation reduction -1.33 
DUSP1 P28562 response to oxidative stress,hydrolase activity -1.33 

 
Miscellaneous 

C1orf43 Q9BWL3 - -1.26 
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GTPBP10  ribosome biogenesis -1.26 
PTBP2 Q9UKA9 mRNA processing -1.26 
RNASE12  - -1.27 
CLEC4A Q9UMR7 cell adhesion -1.27 
FBXO22 Q8NEZ5 ubiquitin-dependent protein catabolic process -1.28 
EIF2S2 P20042 translational initiation -1.29 
RBM26 Q5T8P6 mRNA processing -1.29 
CLK4 Q9HAZ1 protein amino acid phosphorylation -1.29 
7-Mar Q9H992 -  -1.29 
PRPF39 Q86UA1 RNA processing -1.29 
EIF5 P55010 translational initiation -1.31 
EXOSC9 Q06265 RNA processing -1.31 
IFRD1 O00458 muscle cell differentiation -1.32 
C20orf107 Q5JX69 - -1.33 
TMEM132B Q14DG7 - -1.33 
CEACAM5 P06731 - -1.35 
DUSP16 Q9BY84 inactivation of MAPK activity -1.35 
YTHDC1 Q96MU7 RNA splicing -1.38 
C6orf48 Q9UBA6 - -1.40 
WDR73  - -1.41 
RSRC2  - -1.43 
C1orf79 Q9BXW3 - -1.56 
 
 
FOXO4 + PRMT6 downregulated genes 
Gene ID uniprot Process/Function Fold 

change 
 

Cell cycle 
PSMD11 O00231 anaphase-promoting complex-dependent proteasomal  

ubiquitin-dependent protein catabolic process 
-1.25 

GGNBP2 Q9H3C7 cell differentiation -1.25 
NOL8 Q76FK4 DNA replication, positive regulation of cell growth -1.25 
PCNP Q8WW12 cell cycle, proteasomal ubiquitin-dependent protein 

catabolic  
process 

-1.26 

TTK P33981 mitotic cell cycle spindle assembly checkpoint -1.26 
CCDC99 Q96EA4 establishment of mitotic spindle orientation -1.26 
UBE1C Q8TBC4 proteolysis, mitotic cell cycle -1.26 
DLG7 Q15398 cell-cell signalling, cell cycle -1.26 
CKAP2 Q8WWK9 cell cycle, apoptosis -1.27 
GNL3 Q9BVP2 regulation of cell proliferation -1.27 
PTP4A1 Q93096 cell cycle -1.27 
CDC27 P30260 cell proliferation -1.27 
PLK2 Q9NYY3 mitotic cell cycle -1.27 
CSNK1A1 P48729 cell cycle, signal transduction -1.28 
CSE1L P55060 cell proliferation, intracellular protein transport, apoptosis -1.28 
RANBP1 P43487 signal transduction, spindle organization -1.28 
TPX2 Q9ULW0 cell proliferation -1.29 
CCNB1 P14635 G2/M transition of mitotic cell cycle -1.31 
C13orf34 Q6PGQ7 mitosis -1.31 
CDKN1A P38936 regulation of cyclin-dependent protein kinase activity,  

cell cycle 
-1.32 

ASPM Q8IZT6 cell cycle -1.32 
CLIC4 Q9Y696 cell migration, cell differentiation -1.34 
NOL5_HUMAN Q9Y2X3 RNA processing, cell growth -1.34 
STAG2 Q8N3U4 cell cycle, chromosome segregation -1.34 
IFRD1 O00458 muscle cell differentiation -1.35 
PRC1 O43663 cell cycle -1.35 
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PRC1 O43663 cell cycle -1.35 
DOCK7 Q96N67 cell differentiation, microtubule cytoskeleton organization -1.37 
SMC4 Q9NTJ3 mitotic sister chromatid segregation, cell division -1.37 
KPNA2 P52292 cell cycle regulation, DNA metabolic process -1.40 

 
  Transcription  
ZNF549 Q6P9A3 DNA-dependent regulation of transcription  -1.25 
ZBTB2 Q8N680 regulation of transcription -1.25 
DDX20 Q9UHI6 RNA processing, negative regulation of transcription from 

RNA polymerase II promoter 
-1.25 

POLR2A P24928 transcription initiation from RNA polymerase II promoter -1.26 
HOXD13 P35453 transcription from RNA polymerase II promoter -1.26 
SRP9 P49458 negative regulation of translational elongation -1.26 
MAGED1 Q9Y5V3 transcription coactivator activity -1.27 
ZNF14 P17017 DNA-dependent regulation of transcription  -1.27 
GTF2H2 Q13888 DNA repair, transcription from RNA polymerase II 

promoter 
-1.27 

MDM2 Q00987 negative regulation of transcription from RNA polymerase 
II promoter, positive regulation of cell proliferation, protein 
ubiquitination 

-1.27 

HOXA9 P31269 DNA-dependent regulation of transcription -1.27 
ATF4 P18848 RNA polymerase II transcription factor activity -1.27 
BRWD1 Q9NSI6 regulation of transcription from RNA polymerase II 

promoter 
-1.28 

ZNF711 Q9Y462 regulation of transcription -1.28 
ECD O95905 regulation of glycolysis, transcription from RNA 

polymerase II promoter 
-1.30 

ARFGAP3 Q9NP61 intracellular protein transport, DNA dependent regulation 
of transcription 

-1.31 

RRN3 Q9NYV6 regulation of transcription -1.31 
TAF2 Q6P1X5 transcription initiation from RNA polymerase II promoter -1.31 
ZBTB10 Q96DT7 negative regulation of transcription from RNA polymerase 

II promoter 
-1.31 

CHD1 O14646 chromatin remodelling, regulation of transcription from 
RNA polymerase II promoter 

-1.31 

SMAD5 Q99717 DNA-dependent regulation of transcription  -1.32 
TMPO P42167;uniprot:

P42166 
regulation of transcription -1.35 

GTF2I P78347 transcription initiation from RNA polymerase II promoter -1.39 
MDM2 Q00987 negative regulation of transcription from RNA polymerase 

II promoter, positive regulation of cell proliferation, protein 
ubiquitination 

-1.40 

ZNF24 P17028 negative regulation of transcription -1.41 
 

  Signal transduction  
KITLG P21583 cell proliferation, signal transduction, cell adhesion -1.26 
RPS6KA3 uP51812 skeletal system development, signal transduction -1.26 
RHEB Q15382 small GTPase mediated signal transduction -1.26 
DLG7 Q15398 cell-cell signalling, cell cycle -1.26 
STAM Q92783 signal transduction, intracellular protein transport -1.27 
CSNK2A1P P68400 signal transduction, Wnt receptor signaling pathway -1.27 
CSNK1A1 P48729 cell cycle, signal transduction -1.28 
SIPA1L3 O60292 regulation of small GTPase mediated signal transduction -1.28 
RANBP1 P43487 signal transduction, spindle organization -1.28 
MBD4 O95243 DNA damage response, signal transduction resulting in 

induction of apoptosis 
-1.30 

GEM P55040 immune response, signal transduction, small GTPase 
mediated signal transduction 

-1.35 

GDF15 Q99988 cell-cell signaling, signal transduction -1.48 
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  Metabolism  
AZIN1 O14977 polyamine biosynthetic process -1.25 
SC4MOL Q15800 oxidation reduction, fatty acid metabolic process -1.27 
SEPHS2 Q99611 selenocysteine biosynthetic process -1.27 
PRNP P04156 response to oxidative stress, cellular copper ion 

homeostasis 
-1.27 

FADS2  lipid metabolic process, -1.27 
ECD O95905 regulation of glycolysis, transcription from RNA 

polymerase II promoter 
-1.30 

SC5DL O75845 oxidation reduction, fatty acid biosynthetic process, lipid 
metabolic process 

-1.31 

AZIN1 O14977 polyamine biosynthetic process -1.32 
CTH P32929 cellular amino acid metabolic process -1.40 
KPNA2 P52292 cell cycle regulation, DNA metabolic process -1.40 
THUMPD2 Q9BTF0 metabolic process, methyltransferase activity -1.41 

 
  Transport  
CHRFAM7A Q494W8 ion transport -1.25 
NUP155 O75694 nucleocytoplasmic transport -1.26 
KPNA4 O00629 intracellular protein transport -1.26 
FUSIP1 O75494 cytoplasmic transport -1.26 
TMED7 Q9Y3B3 transport -1.27 
TMED5 Q9Y3A6 transport -1.27 
TMED2 Q15363 transport -1.27 
NUP153 P49790 ATP synthesis coupled proton transport, transmembrane 

transport 
-1.27 

IPO8 O15397 intracellular protein transport -1.27 
STAM Q92783 signal transduction, intracellular protein transport -1.27 
CSE1L P55060 apoptosis, cell proliferation, intracellular protein transport -1.28 
IPO9 Q96P70 intracellular protein transport, protein import into nucleus -1.30 
ARFGAP3 Q9NP61 intracellular protein transport, DNA dependent regulation 

of transcription 
-1.31 

SLC25A32 Q9H2D1 transmembrane transport -1.31 
ARCN1 P48444 retrograde vesicle-mediated transport, Golgi to ER -1.31 
LMAN1 P49257 ER to Golgi vesicle-mediated transport -1.31 
LIN7C Q9NUP9 exocytosis, protein transport -1.32 
SLC3A2 P08195 transport -1.41 
RND3 P61587 cell adhesion, intracellular protein transport -1.42 

 
  DNA repair/arrest/apoptosis  
RAD51AP1 Q96B01 DNA repair -1.25 
BTG2 P78543 DNA repair -1.26 
TIA1 P31483 apoptosis -1.27 
CKAP2 Q8WWK9 cell cycle, apoptosis -1.27 
GTF2H2 Q13888 DNA repair, transcription from RNA polymerase II 

promoter 
-1.27 

SOCS2 O14508 anti-apoptosis, aging, regulation of cell growth -1.27 
C1orf124  DNA repair -1.28 
RPA2 P15927 DNA replication, nucleotide-excision repair, DNA damage 

removal 
-1.28 

ASF1A Q9Y294 DNA repair, chromatin modification -1.28 
CSE1L P55060 apoptosis, cell proliferation, intracellular protein transport -1.28 
CHEK1 O14757 DNA repair, DNA damage checkpoint -1.28 
MBD4 O95243 DNA damage response, signal transduction resulting in 

induction of apoptosis 
-1.30 

RAD18 Q9NS91 DNA repair -1.31 
HMGB1 P09429 DNA repair -1.32 
MORF4L2 Q15014 chromatin modification, response to DNA damage 

stimulus, DNA repair, regulation of cell growth 
-1.33 

    Functional analysis of FOXO4 and PRMT6

111



TXNDC5 8NBS9 
Q8TDH9 

anti-apoptosis, cell redox homeostasis -1.35 

USP10 Q14694 ubiquitin-dependent protein catabolic process, DNA 
damage response 

-1.35 

RFC3 P40938 DNA strand elongation involved in DNA replication 
nucleotide-excision repair, DNA gap filling 

-1.36 

SESN2 P58004 cell cycle arrest -1.41 
EXO1 Q9UQ84 DNA repair -1.42 
DDB2 Q92466 damaged DNA binding -1.42 

 
  Oxidation response  
C1orf27  oxidation reduction -1.26 
SC4MOL  oxidation reduction, fatty acid metabolic process -1.27 
TGFBR1 P36897 response to hypoxia, activation of MAPKK activity -1.27 
PRNP P04156 response to oxidative stress, cellular copper ion 

homeostasis 
-1.27 

SC5DL O75845 oxidation reduction, fatty acid biosynthetic process, lipid 
metabolic process 

-1.31 

RRM2B Q7LG56 oxidoreductase activity, ribonucleoside-diphosphate 
reductase activity 

-1.32 

TXNDC5 Q8NBS9 
 Q8TDH9 

anti-apoptosis, cell redox homeostasis -1.35 

 
  Miscellaneous  
LRRC8D Q7L1W4 protein binding -1.25 
UBE2D3 Q9NTT1 

P61077 
ubiquitin-dependent protein catabolic process -1.25 

MAP1LC3B Q9GZQ8 autophagy -1.25 
HDAC8 Q9BY41 histone deacetylation, chromatin assembly -1.25 
SF3B1 O75533 RNA splicing -1.25 
C10orf119 Q9BTE3 - -1.26 
RARS P54136 tRNA aminoacylation for protein translation -1.26 
MFAP3 P55082 - -1.26 
KIF5B P33176 microtubule-based movement -1.26 
ANGEL2  - -1.26 
MARS P56192 methionyl-tRNA aminoacylation -1.26 
Q86T23_HUMAN  - -1.26 
HSD17B7P2  - -1.26 
HNRPD Q14103 RNA processing -1.26 
HEATR1 Q9H583 rRNA processing -1.26 
CBWD2  - -1.26 
YTHDC1 Q96MU7 RNA splicing -1.26 
MBNL1 Q9NR56 mRNA processing -1.26 
SR140_HUMAN O15042 RNA processing -1.26 
ARMCX3 Q9UH62 assembly of spliceosomal tri-snRNP -1.26 
SFRS4 Q08170 RNA splicing -1.27 
KIAA0776 O94874 protein ufmylation -1.27 
USP1 O94782 Inhibitor of ubiquitin isopeptidase activity -1.27 
ZRANB2 O95218 mRNA processing, RNA splicing -1.27 
DENR O43583 translational initiation -1.27 
NARS O43776 translation -1.27 
ARL6IP1 Q15041 cotranslational protein targeting to membrane -1.27 
SFRS2 Q01130 RNA splicing, mRNA processing -1.27 
HNRNPA2B1 P22626 RNA splicing, mRNA processing -1.27 
TBC1D23 Q9NUY8 regulation of Rab GTPase activity -1.27 
RBM39 Q14498 RNA splicing, mRNA processing -1.27 
GDAP1 Q8TB36 response to retinoic acid -1.27 
RNASE12  - -1.27 
EIF2S1 P05198 regulation of translation -1.27 
LAMP2 P13473 - -1.28 
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C1orf181 Q9NWK9 ribosome biogenesis -1.28 
PRPF39 Q86UA1 RNA processing -1.28 
NP P00491 - -1.28 
TMEM132B Q14DG7 - -1.28 
UCHL5 Q9Y5K5 ubiquitin-dependent protein catabolic process, 

proteasome inhibitor activity 
-1.28 

BMI1 P35226 chromatin modification -1.28 
RBM26 Q5T8P6 mRNA processing -1.28 
AEBP2  chromatin modification -1.28 
UFM1 P61960 protein ufmylation, modification-dependent protein 

catabolic process 
-1.28 

SFRS1 Q07955 mRNA processing -1.28 
ALG6 Q9Y672 glucosyltransferase activity -1.28 
NOL11 Q9H8H0 - -1.28 
EXOSC9 Q06265 RNA processing -1.28 
C1orf121 Q9BSY9 - -1.28 
LYSMD3 Q7Z3D4 cell wall macromolecule catabolic process -1.29 
TRIM32 Q13049 fat cell differentiation, protein ubiquitination during 

ubiquitin-dependent protein catabolic process 
-1.29 

AL049742.1  - -1.30 
TUBB4Q Q99867 microtubule-based movement -1.30 
LARP4 Q71RC2 rna binding -1.31 
RCHY1 Q96PM5 protein ubiquitination during ubiquitin-dependent protein 

catabolic process 
-1.31 

C5orf15 Q8NC54 - -1.31 
CCDC76 Q9NUP7 tRNA processing -1.31 
C12orf4 Q9NQ89 - -1.31 
PSMC3IP  DNA recombination -1.31 
PJA2 O43164 modification-dependent protein catabolic process -1.32 
SRP54 P61011 protein targeting to ER -1.32 
ATP6V1C1 P21283 hydrogen-exporting ATPase activity, phosphorylative 

mechanism 
-1.32 

GPR180 Q86V85 - -1.33 
EIF2S2 P20042 translational initiation -1.34 
RAB21 Q9UL25  -1.34 
AASDHPPT Q9NRN7 transferase activity, magnesium ion binding -1.34 
RNF12 Q9NVW2  -1.35 
IFRD1 O00458 muscle cell differentiation -1.35 
SLC25A46 Q96AG3  -1.35 
CALD1 Q05682 cellular component movement, actin filament bundle 

assembly 
-1.35 

CEACAM5 P06731 - -1.36 
HSPA14 Q0VDF9  -1.37 
FBXO22 Q8NEZ5 ubiquitin-dependent protein catabolic process -1.38 
DEPDC1 Q5TB30 signal transduction -1.39 
WDR73  - -1.39 
P11388-2  - -1.39 
MOBKL1B Q9H8S9 metal ion binding -1.40 
DUSP14 O95147 protein amino acid dephosphorylation -1.40 
CNIH4 Q9P003 protein binding -1.43 
DLEU2L O43262 - -1.44 
DHX9 Q08211 RNA splicing -1.45 
HMMR O75330 hyaluronic acid binding -1.46 
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General discussion

The goal of this thesis was to gain a better understanding as to how b-catenin controls FOXO4 
signalling. Although b-catenin was initially recognised for its role in cell proliferation upon 
Wnt signalling we now begin to appreciate its regulatory role in other pathways as well. 
Depending on the signal received b-catenin can divert its interaction between different 
binding partners. Important for this mechanism to be relevant is the fact that only a limited 
pool of free b-catenin is present. As there is basically no excess of free b-catenin, shifting 
of b-catenin between binding partners becomes an efficient mechanism to rapidly adapt 
to diverse and possible opposing stimuli. In this way b-catenin activates specific genes to 
appropriately respond to the needs of the cell. As b-catenin interacts with a diverse range 
of proteins we discuss in this thesis how changes in the oxidative state of the cell diverts 
b-catenin between its interaction partners.

b-catenin, shifting binding partners 
When cells encounter stress such as hypoxia or abnormal changes in ROS they need to 
respond in a proper way to ensure cell survival or, in case of severe non-repairable damage, 
apoptosis. Thus, the cellular response towards stress requires an intricate and balanced 
adaptive response to ensure that the proper choice of cell fate will be made. Our lab has 
studied in particular the role of FOXO in the cellular stress response.  Recently b-catenin was 
identified as an important regulator of the FOXO4-mediated stress control. Upon an increase 
in cellular ROS levels, FOXO4 interacts with b-catenin whereby FOXO activity is enhanced. 
In chapter 3 we focus specifically on how b-catenin is a pivot between the Wnt signalling 
pathway and the insulin pathway. We provide evidence for a crosstalk mechanism between 
the insulin/IGF pathway and the Wnt signalling pathway that is mediated through b-catenin. 
ROS inhibit Wnt signalling by preventing b-catenin to interact with TCF. ROS activated 
FOXO translocates to the nucleus and captures b-catenin from TCF thereby boosting 
transcription of its target genes. When FOXO is lacking from cells the b-catenin/TCF 
interaction is not affected by oxidative stress ((1)/chapter 3) indicating an important role for 
FOXO in preventing cell proliferation under unfavourable conditions. This study highlights 
the possibility of b-catenin to shift from interaction partner under changing cellular conditions 
thereby directly changing the activity of pathways involved in proliferation, survival, cell 
cycle arrest and apoptosis. The importance of this shifting between binding partners appears 
at least of importance following changes in the redox state of the cell. In Chapter 2 we review 
the findings of chapter 3 in a broader context and show that shifting from TCF to FOXO 
is part of a larger program of a b-catenin directed shift of transcriptional control following 
changes in cellular redox. Under normal oxygen conditions binding of b-catenin to TCF 
results in transcription of the Von Hippel Lindau protein that is involved in the ubiquitination  
and subsequent proteasomal degradation of  hydroxylated HIF1α (2). Thus under ambient 
oxygen TCF maintains HIF1α levels under tight control. In rapidly dividing tissue however 
cells might experience insufficient oxygen which leads to a state of hypoxia. During hypoxia 
HIF1α is stabilized and importantly stabilised HIF1α diverts b-catenin from TCF as it also 
interacts with b-catenin thereby increasing transcription of genes involved in cell survival. 
The shift of b-catenin from TCF to HIF1α has a bifunctional role as disconnection of TCF 
and b-catenin results in reduced transcription of VHL thus reinforcing HIF1α stability. When 
oxygen levels rise b-catenin is released from HIF1α and transcription of VHL increases. 
Although ROS functions as a second messenger in signal transduction increased ROS levels 
can cause undesirable damage to cells. ROS can be cleared from the cell through activation of 
FOXO by the Ral/JNK pathway. Depending on the level of ROS, FOXOs induce transcription 
of genes involved in cell cycle arrest, clearance of ROS, DNA damage repair or apoptosis. 
In addition hypoxia also in part signals through ROS to stabilise HIF1α which also results in 
the onset of a cell survival mechanism (3-6). Upon increasing levels of ROS however, FOXO 
enhances the transcription of CITED2, an inhibitor of HIF1α, thereby changing from a cell 
survival mode into cell cycle arrest and eventually apoptosis. In apparent contrast however, 
some reports demonstrate that ROS are found to induce rather than reduce the TCF/b-catenin 
interaction. This seemingly opposing result can be explained by the action of dishevelled 
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in the Wnt signalling pathway. Dishevelled has been found to interact with the thioredoxin 
related protein nucleoredoxin which results in negative regulation of the canonical Wnt 
pathway (7). Upon peroxide treatment of the cell the NRX/dishevelled interaction is reduced 
and this then results in activation of TCF. However this critically depends on the expression 
level of dishevelled (reviewed in (8)/ chapter 2). Finally, yet another level of regulation of 
TCF/b-catenin interaction is through JNK and c-jun. Wnt signalling, like oxidative stress, 
activates JNK which results in phosphorylation and activation of the c-jun transcription 
factor. Phosphorylated c-jun can interact with TCF/b-catenin and this complex formation is 
necessary to fully activate Wnt induced signalling and b-catenin mediated protection from 
apoptosis (9). 
Critical to the above is the notion that only a limited pool of b-catenin is able to interact 
with transcription factors and hence b-catenin can be used as a switch to enhance or repress 
signalling through specific routes. Binding of b-catenin to FOXO4 results in enhanced 
transcription of genes such as MnSOD and catalase involved in ROS clearance. Once the 
oxidative stress is cleared from the cell b-catenin is released and free to interact with TCF 
upon appropriate signalling. These data reinforce the importance of b-catenin for maintaining 
cells in a healthy state not only through TCF but also other transcription factors. b-catenin has 
been reported to induce G1/S transition (10,11) which might be one of the causes leading to 
uncontrolled cell division in cells containing high levels of stabilised b-catenin. Interestingly, 
overexpression of FOXO in the colon carcinoma cell line DL23, that contains increased levels 
of b-catenin due to a mutation in the APC gene, can still be arrested in the G1 phase of the cell 
cycle (10). By unravelling the mechanism through which the FOXO4/b-catenin interaction 
is regulated we could have a tool towards inhibiting uncontrolled proliferation induced by 
b-catenin overexpression. Our goal therefore is to further understand the mechanism that 
mediates the interaction between FOXO4 and b-catenin.

Posttranslational modifications on FOXO4 and oxidative stress signalling
An important factor for FOXO4 and b-catenin to interact is the presence of oxidative stress 
in the cell. Changes in the cellular redox state can influence protein-protein interactions 
through changes in PTMs. In chapter 4 we searched for changes in PTMs upon oxidative 
stress treatment that would influence the interaction between FOXO4 and b-catenin. We 
show that upon peroxide treatment serine 258 of FOXO4 becomes dephosphorylated and 
this enhances the interaction between FOXO4 and b-catenin. The phosphatase PP2A is 
involved in dephosphorylation of FOXO4-S258. For FOXO1 and FOXO3a it has previously 
been described that dephosphorylation at Ser193 and Thre28 (FOXO4 numbering) can be 
mediated by PP2A (12,13). There is still some controversy on whether protein phosphatases 
are being inhibited or activated upon increased oxidative stress. H2O2 induced ROS has been 
shown to inhibit PP2A activity through glutathionylation (14) thereby inducing activation 
of the MAPK, JNK and p38 signalling pathway (15). In contrary, we clearly see a decrease 
in phosphorylation of FOXO4 after peroxide stress in vivo and in vitro we could find PP2A 
to dephosphorylate FOXO4. However PP2A is also known to dephosphorylate PKB in 
vivo thereby reducing its activity. Hence, PP2A can influence FOXO dephosphorylation 
both directly and indirectly. Once dephosphorylated FOXO can be methylated at arginines 
within the PKB consensus phosphorylation site (16) thereby preventing its rephosphorylation 
and enhancing its interaction with b-catenin. As FOXO4 activation upon oxidative stress 
signalling is mediated through the Ral/JNK pathway we analysed whether this same pathway 
is involved in FOXO4 and b-catenin interaction. Active Ral is necessary for FOXO4 and 
b-catenin to interact as both a dominant negative RalN28 and RalRNAi can prevent the 
interaction. Although Ral is necessary for FOXO4 and b-catenin to associate JNK that is 
mandatory for FOXO4 activity does not play a role in mediating FOXO4 binding to b-catenin. 
FOXO4 and b-catenin not only interact in JNK9-/- MEF cells but a FOXO4 mutant that can 
not be phosphorylated at its JNK sites could also bind to b-catenin. Thus FOXO4 interaction 
with b-catenin does not depend on the activation of FOXO4 by JNK. Mass spectrometry 
identified many sites on FOXO that can be either phosphorylated, acetylated or ubiquitinated. 
As we find FOXO4-S258A to further increase its interaction with b-catenin upon oxidative 
stress treatment we reckon that other sites and PTMs must be involved in enhancing the 
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interaction. Acetylation of FOXO1 by CBP was reported to decrease its affinity for binding to 
DNA. Moreover, acetylation of FOXO1 promotes PKB mediated phosphorylation at serine 
253 (17). We propose therefore that acetylation of FOXO will likely diminish, rather than 
enhance, b-catenin interaction. Another regulatory mechanism might be found in mono-
ubiquitination of FOXO that results in activation and translocation to the nucleus (18). 
Thus far we only focused on the role of phosphorylation in mediating the FOXO4/b-catenin 
interaction. Future studies will involve Nuclear Magnetic Resonance aided identification of 
the b-catenin and FOXO4 interaction interface and based heron a better understanding of the 
effect of possible other PTMs on the interaction between FOXO4 and b-catenin.

A new regulator for TCF and FOXO4 activity
In chapter 5, we describe PRMT6 as a novel regulator of both FOXO4 and TCF activity. First, 
we observed PRMT6 to interact with FOXO4, thereby enhancing FOXO4 transcriptional  
activity as measured in luciferase assays. Furthermore, we found PRMT6 to be necessary for 
FOXO4 to inhibit colony formation in A375 cells containing a B-rafV600E mutation. Active 
B-raf phosphorylates and activates FOXO4 through a JNK-dependent pathway and this 
results in p21cip1-dependent senescence (19). However, A375 cells rely on both FOXO and 
p53 to induce senescence, since depletion of either FOXO or p53 will shift the cell towards 
activation of the apoptotic machinery (19). When  PRMT6 is overexpressed in these cells 
we observed a drastic decrease in amount of senescent cells compared to overexpression of 
FOXO4 alone. These data indicate PRMT6 dependent regulation of specific downstream 
pathways. 
Both FOXO and p53 are involved in regulating p21cip1 expression. Interestingly, p53 has 
been described to interact with HMGA1 thereby repressing p53 apoptotic function (20,21). 
In addition, HMGA1 is methylated by PRMT6 on Arg57 and Arg59 that both lie within 
a critical region involved in DNA binding and protein-protein interaction (22). Thus 
PRMT6, at least indirectly, may influence p53 levels as well. In our search to understand the 
mechanism through which PRMT6 is involved in colony formation we will have to take these 
data in consideration. Furthermore, we found enhanced transcription of a p21cip1-luciferase 
reporter promoter upon co-expression of PRMT6 and FOXO4. However we find p21cip1 
transcriptionally downregulated under the same conditions upon micro-array analysis. We 
attribute these contrasting results to the limitations of the transient reporter assay to measure 
transcriptional control through histone modification, whereas regulation of endogenous 
genes by histone modification can be measured by microarray analysis. Besides changing 
FOXO4 activity we observed PRMT6 to specifically prevent FOXO4 interaction with 
b-catenin. Moreover, b-catenin was recently found to interact with members of the PRMT 
family. PRMT1 (23) interaction was found in a genome wide screen in colon carcinoma 
cell lines, PRMT4/CARM1 (24) interacts in the context of androgen signalling and PRMT2 
was found to interact exclusively in pre-midblastula transcription embryos (25). As co-factor 
switching of b-catenin is involved in regulation of diverse pathways we wondered whether 
PRMT6 could interact with and have a regulatory role on b-catenin as well. Although several 
members of the PRMT family have been shown to interact with b-catenin we could not detect 
binding between b-catenin and PRMT6. However, PRMT6 does interact directly with TCF 
thereby preventing TCF to bind to b-catenin. PRMT6 regulated loss of interaction between 
TCF and b-catenin results in repression of b-catenin mediated activity as measured by TOP/
FOP assays. Thus through direct binding to both FOXO4 and TCF PRMT6 inhibits b-catenin 
to interact with these proteins. Although based largely on preliminary results, these data 
imply a transcriptional switch within the cell as TCF transcriptional activity is prevented by 
PRMT6 while we observe increased transcription of the FOXO4 target gene p21cip1 together 
with a decrease in p27kip1 expression.

In conclusion 
Altogether we provide in this thesis new insight as to how b-catenin regulates FOXO4 
signalling. Our main focus was to understand how b-catenin shifts interaction between different 
binding partners. ROS signalling overrules Wnt signalling preventing cell proliferation under 
unfavourable conditions. We then revealed the necessity in changes of PTMs on FOXO4 for 
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the interaction with b-catenin to occur. We describe FOXO4-S258 dephosphorylation by 
PP2A as an initial step in clearing the road for FOXO4 and b-catenin to interact. Methylation 
within the consensus PKB motif of FOXO4 by PRMT1 prevents PKB to rephosphorylate 
FOXO4 thereby enhancing b-catenin to interact. Finally, we describe PRMT6 to be a new 
regulator of FOXO4 and TCF activity through inhibiting b-catenin interaction. For cells to 
function properly it is important that the interaction between the proteins described above 
is tightly balanced. Through modulation of PTMs in response to growth factors or ROS 
protein-protein interactions can be regulated. Furthermore the interaction of one protein can 
influence the binding of other proteins to the same substrate. All these interactions and PTMs 
play a role in shifting the activation or inactivation of downstream pathways. It will be a 
challenge to understand in full and in detail the many aspects that play a role in balancing the 
outcome of these pathways.
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Ons lichaam is opgebouwd uit verschillende typen cellen die allemaal hetzelfde DNA 
bevatten. Het DNA kunnen we beschouwen als een printplaat die, wanneer juist afgelezen, 
precies aangeeft wat er in de cel moet gebeuren. Als het DNA afgelezen wordt worden er 
eiwitten gemaakt. Deze eiwitten kunnen we beschouwen als werknemers van de cel. Ze 
weten wat ze moeten doen op welke locatie en tevens weten ze met wie ze samen moeten 
werken. Dit is een zeer complex gebeuren dat we kunnen vergelijken met het reilen en zeilen 
van een groot bedrijf. Zoals in elk bedrijf zijn er in de cel werknemers met zeer verschillende 
functies. Al deze functies moeten georganiseerd worden afhankelijk van de vraag die er 
binnen komt. 
Onder normale omstandigheden neemt een cel zuurstof op en zet voedingstoffen om in 
energie om te kunnen functioneren. Cellen delen zich van tijd tot tijd om oude cellen te 
vervangen voor nieuwe zodat het weefsel waar de cel deel van uitmaakt in optimale conditie 
wordt gehouden. In elke cel zijn continu eiwitten actief die de cel helpen al deze functies te 
vervullen.
Cellen kunnen in aanraking komen met factoren die schadelijk zijn voor de cel. Een 
voorbeeld is het ontstaan van reactieve zuurstof deeltjes door de normale stofwisseling in 
de cel. Zodra voedingsstoffen met behulp van zuurstof worden omgezet in energie ontstaan 
er ook verbrandingssproducten en reactieve zuurstof deeltjes. De reactieve zuurstof deeltjes 
kunnen vervolgens een reactie aangaan met het DNA en deze beschadigen waardoor ziekten 
zoals kanker kunnen ontstaan.
Onze cellen zijn voorbereid op het ontstaan van deze reactieve zuurstof deeltjes en kunnen 
bepaalde eiwitten maken die deze schadelijke reactieve deeltjes omzetten in onschadelijke 
of minder schadelijke deeltjes. Een van deze eiwitten is Forkhead box O (kortweg FOXO) 
waarvan de regulering in dit proefschrift uitvoerig is beschreven.
Zolang de cel voldoende voedingstoffen heeft en geen stress ervaart wordt FOXO inactief 
gehouden. De activatie en inactivatie van FOXO wordt gereguleerd door het verwijderen 
of plaatsen van speciefieke vlaggetjes (fosfor-groepen). De fosforgroepen kunnen op 
verschillende plaatsen  op het FOXO eiwit geplaatst worden waardoor FOXO aan of uitgezet 
wordt.
Het plaatsen van fosfor-groepen gebeurt door specifieke eiwitten die we kinases noemen. 
Er zijn verschillende kinases in cel aanwezig. Er zijn twee belangrijke kinases die fosfor-
groepen op FOXO kunnen zetten. De kinase PKB zet fosfor-groepen op drie specifieke 
plekken op FOXO. Door het plaatsen van deze drie fosfor-groepen wordt FOXO uitgezet. 
Een ander kinase, JNK, kan fosfor-groepen op andere plaatsen op FOXO zetten. De fosfor-
groepen die door JNK op FOXO gezet worden zorgen ervoor dat FOXO actief wordt en zijn 
functie kan uitvoeren.
Op sommige momenten heeft FOXO hulp nodig om alle schadelijke deeltjes op te ruimen 
en kan daarvoor hulp inroepen van het eiwit b-catenine. b-catenine is een eiwit dat door te 
binden aan andere eiwitten zorgt voor een verhoogde activatie van het desbetreffende eiwit. 
Onder normale omstandigheden is b-catenine een eiwit dat betrokken is bij het delen van 
de cel.  Zodra FOXO actief is en hulp nodig heeft kan het b-catenine binden waardoor de 
activiteit van FOXO verhoogd wordt. Door te binden aan FOXO wordt b-catenine geremd in 
zijn normale functie. Dit voorkomt dat cellen die stress ervaren kunnen delen en beschadigd 
DNA doorgeven aan de nieuwe cellen. 
In dit proefschrift beschrijf ik welke eiwitten en welke signalen bepalen wanneer FOXO en 
b-catenine aan elkaar binden 
Hoofdstuk een is een inleiding waarin de algemeen bestaande kennis van de onderzochte 
eiwitten uitgelegd wordt. Bovendien wordt er vast een link gelegd naar de erna beschreven 
hoofdstukken. 
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Hoofdstuk twee is een literatuur studie naar de ondersteunende rol van b-catenine in de 
activatie van specifieke eiwitten, afhankelijk van het type stress waar de cel mee om moet 
gaan. We hebben ons voornamelijk gericht op twee veel voorkomende typen stress in de 
cel. De ene is de vorming van vrije radicalen zoals hierboven al besproken. De ander is 
het ontstaan van een tekort aan zuurstof in de cel. Beide stress factoren worden op een 
vergelijkbare manier opgelost, beiden door het aanmaken van eiwitten die ervoor zorgen 
dat de cel weer in gezonde staat terug keert. Interessant is dat beide eiwitten de hulp van 
b-catenine kunnen inroepen en dat ook op vergelijkbare manier doen. Verder bespreken we 
in dit hoofdstuk de rol van deze typen stress in het verouderingsproces en het ontstaan van 
kanker.
In hoofdstuk 3 hebben we uitgezocht wat de rol van reactieve zuurstof deeltjes is op de 
binding van b-catenine met de eiwitten FOXO4 en TCF. We hebben hier specifiek gekeken 
naar de rol van b-catenine in normale celdeling en haar funtie onder stress condities. We 
hebben ontdekt dat zodra cellen met een reactieve deeltjes vormende stof (waterstof peroxide) 
behandeld worden b-catenine loslaat van haar bindingspartner TCF. De cel krijgt hierdoor 
geen signalen meer door om te gaan delen. We hebben ontdekt dat b-catenine en TCF binding 
alleen verbroken wordt als er voldoende FOXO4 in de cel is. Met andere woorden, door aan 
b-catenine te binden zorgt FOXO4 ervoor dat b-catenine niet meer aan TCF kan binden. 
Dit is belangrijk omdat we nu weten dat de aanwezigheid van reactieve deeltjes op zich niet 
voldoende reden zijn voor b-catenine en TCF om te stoppen met de cel deling. FOXO4 moet 
b-catenine weg halen bij haar partner en dan gebruiken om zelf zijn werk beter te kunnen  
doen.
In hoofdstuk 4 gaan we verder in op het mechanisme dat nodig is om FOXO4 en b-catenine 
met elkaar te laten binden. We laten hier zien welke andere eiwitten nodig zijn om FOXO4 
en b-catenine te laten weten dat het tijd is om aan elkaar te binden en de activiteit van 
FOXO4 te verhogen. Bovendien laten we ook zien welke vlaggetjes op FOXO4 nodig zijn 
om b-catenine te overtuigen aan FOXO4 te binden. We zien hier ook dat niet alleen fosfor 
groepen belangrijk zijn om eiwitten te laten binden maar ook methylgroepen (een ander type 
vlaggetje) en methyltransferases (eiwitten die een methyl-groep kunnen plaatsen) van belang 
zijn om het juiste signaal af te geven.
Hoofdstuk 5 beschrijft hoe het binden van een eiwit (PRMT6) aan FOXO4 en TCF kan 
voorkomen dat b-catenine aan deze twee eiwitten bindt. We laten hier dus zien dat niet alleen 
het plaatsen van fosfor- en methylgroepen voor binding of geen binding kan zorgen maar 
dat ook eiwitten deze functie kunnen hebben. We speculeren hier dat het binden van het 
specifieke eiwit PRMT6 aan FOXO4 ervoor zorgt dat FOXO4 niet meer meedoet aan het 
opruimen van stress maar ervoor zorgt dat de (waarschijnlijk al zo ernstig beschadigde cel) 
zelfmoord pleegt. Dit om te voorkomen dat beschadigde cellen kunnen doorgaan met delen 
en tot het ontstaan van kanker kunen leiden. Door de binding tussen TCF en b-catenine te 
verhinderen voorkomt PRMT6 dat de cel toch weer kan gaan delen.
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Dankwoord

Zo dat was het dan..zes jaar wetenschap in een boekje. Gelukkig betekent een keuze voor 
de wetenschap niet eenzaam en alleen opgesloten zitten op een donker lab. Ik kwam terecht 
op een plek vol gemotiveerde en gezellige collega’s die ik bij deze dan ook allemaal wil 
bedanken voor een geweldig leerzame maar vooral ook leuke tijd!

Allereerst wil ik natuurlijk mijn promotor Boudewijn bedanken. Ik zal het telefoon gesprek 
na mijn sollicatie nooit vergeten. Toen ik je terug belde om te horen of ik de baan wel of niet 
zou krijgen was jouw reactie: Tja..uhh, ik weet niet zo goed hoe ik het moet zeggen..maarre 
als je wilt is die baan voor jou. Toen ik je vrouw op de achtergrond heel hard hoorde roepen: 
Ik zou het niet doen hoor als ik jou was! wist ik dat het goed zat. Ook al is het de afgelopen 
zes jaar niet altijd even makkelijk geweest, ben ik blij dat je me alle kansen hebt gegeven om 
het af te maken. Ik bewonder vooral je positieve kijk op proeven waar ik zelf geen heil in zag. 
Hoe slecht de resultaten ook leken jij wist er toch altijd iets positiefs uit te halen. 
 
Hans, mijn eerste kennismaking met jou was in de kamer van Boudewijn. Daar was ik samen 
met Peter voor een tweede gesprek toen jij de kamer in kwam stormen. Je wist ons heel snel 
duidelijk te maken dat we de komende jaren heel hard zouden moeten werken en dat het niet 
altijd even makkelijk zou zijn. Je hebt helemaal gelijk gekregen. Ondanks dat jouw kritiek 
soms hard kon aankomen hielp het wel om stappen vooruit te zetten. Bedankt daarvoor.

Dan mijn paranimfen Anna en Teresa. My god..when you girls start talking it never ends..
Anna, it is amazing, you work like you talk. Once you start you never stop. It is amazing how 
much work you can do without ever giving up. I really admire how much determined you 
are. It has been a hard time but with your attitude you’ll make it! Teresa, my sweety. I can’t 
remember when we really started talking for the first time, but I do know we never stopped 
ever since. Alles ging half in dutch and half in het engels dus onze woordenschat is twee keer 
zo groot, misschien is dat de reden waarom we altijd zoveel tijd nodig hebben? Love you 
sweety en voorlopig zijn we nog niet uitgekletst! Marnix, Teresa kan er echt niks aan doen 
dat ze altijd laat thuis komt, als wij samen zijn gaat de tijd gewoon veel sneller. Ik denk dat 
we daar eens een studie naar moeten doen.

Van alle collega’s kan ik natuurlijk niet om de oude elite heen. Dankzij jullie was het mogelijk 
zelfs op de moeilijke momenten de moed er in te houden! Peter, je hebt het zelf al gezegd: 
samen beginnen schept toch een band. Behalve een geweldige collega vol slechte grappen 
en vervelende knietjes was je de enige man op het lab die het altijd opviel als iemand een 
nieuwe trui, broek of kapsel had. Het wordt tijd dat je weer naar Nederland komt, dan kunnen 
we weer eens een biertje doen. Judith,  Ester en Matthijs de drie-eenheid.  Het lijkt al een 
eeuwigheid geleden dat jullie op het lab waren en er is al veel veranderd. Judith we hebben 
heel wat keren samen naar huis gefietst en alles besproken van serieuze dingen tot de laatste 
roddels. Gelukkig maakt het niet uit dat we niet meer samen fietsen, ergens afspreken is net 
zo gezellig. Ester, wat mis ik de spontane lab avondjes bij jou thuis. Van vrouwenavond tot 
BBQ bij jou kon het altijd. Je verdient gewoon een hele dikke knuffel voor alles. Ik hoop 
dat we nog heel wat gezellige etentjes hebben. Matthijs, hoe is het met de vlekken op je 
overhemd? Fijn dat je nu Rens de schuld kan geven. 

De belangrijkste collega’s zijn degene met wie je de kamer deelt omdat daar de alle vreugde 
en frustraties gedeeld en besproken kunnen worden. WJ en Tine, we waren absoluut de 
gezelligste kamer op het lab!!! Willem, met jou was het altijd een strijd wie de meest ranzige 
verhalen kon vertellen en je was vaak niet te toppen. Ik mis onze gesprekken nu al. Nog een 
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allerlaatste keer afspreken achter de koelkast? Jantine, ik herinner nog dat WJ en ik te horen 
kregen dat jij bij ons op de kamer zou komen. We vroegen ons meteen af of die brave blonde 
dat wel zou aan zou kunnen. Die gedachte hebben we snel los kunnen laten. Braaf was je 
absoluut niet en je wist ons zeker te overtreffen. Ik vond het erg jammer toen je weg ging 
maar ben heel erg blij dat je het nu naar je zin hebt. Tijd om snel weer eens een kamer reünie 
te doen. 

Vanaf het begin van mijn aio periode heb ik het geluk gehad met de allerbeste analisten van 
ons lab te mogen werken. Paupie..Paulientje, onze eigen brandweervrouw met parelketting. 
Niemand op het lab is zo lekker nuchter als jij. Stathmin, b-catenine je hebt ze allemaal 
meegemaakt. Gaat Doc ooit nog iets worden? Iris het was kort maar krachtig. Ik dacht echt 
dat je kwam vertellen dat je zwanger was in plaats van dat je een andere baan had gevonden. 
Veel geluk in Amersfoort. Lydia, wat zou het lab een zooitje zijn zonder jou. Ongelofelijk dat 
je nooit knettergek van ons allemaal wordt. En dan ook nog tijd vinden om al je proeven te 
doen. Ik ben zo blij dat ik van jouw gouden handjes heb mogen profiteren! Miranda, zodra 
jij op het lab bent is het alweer tijd voor koekjes! Super bedankt voor al je pipeteerwerk. 
Zullen we een keer gaan stappen in de Stunt of op zondag naar de Blue Sky, of zouden we 
daar nu echt te oud voor zijn? Hesther, mijn bench maatje. Het werken zou een heel stuk 
sneller gaan als we niet zoveel zouden kletsen. Je bent altijd zo heerlijk eerlijk en naief 
(helemaal als je een wijntje op hebt), maar je bent absoluut de gezelligste!  Maaike, nu 
ben jij de opper-aio van ons lab. Laat je niet gek maken, jij komt er wel! Als je zo goed 
als jij je tijd kunt verdelen dan kan je alles aan. Heel veel succes! David, hoe houd je het 
vol in het kippenhok? Oordoppen in en alle aandacht op de microRNAs, succes! Harmjan, 
de mopperkoning van het lab. Ongelofelijk waar haal je de (negatieve) energie vandaan? 
Wat fijn dat je nu alle tijd hebt om Doc af te maken. Tobias er wordt voor jou nog eens een 
leerstoel zeer slechte woordgrappen opgericht. Heel veel succes met je eigen groep.  Marrit 
en Astrid met jullie aanwezigheid zit het de komende jaren wel goed met de gezelligheid op 
het lab. Zorg er voor dat jullie niet teveel op elkaar gaan lijken he? Eén brokkenpiloot op het 
lab is wel genoeg. Evi, you definetely know what you want. Finish as soon as you can and 
find yourself a nice warm and sunny postdoc position. You’ll need it after so many years in 
cold and grey Holland. Marieke heel veel succes met je wormen. Erik maak je je maiskoekjes 
tegenwoordig wel zelf? Ik vond het erg leuk je te mogen begeleiden als student. Succes met 
het afronden van je proefschrift! Martijn als je net zo snel door je post-doc periode heen 
fietst als van Utrecht naar Houten dan ben je zeker voor je dertigste professor. Je hebt in 
ieder geval al flink wat ervaring in het geven van praatjes. Heel veel succes in Amerika! 
Lars, (mass s)pec-man als dat geen idee is voor een computerspel? Misschien moet je die 
dingen ook gewoon gescheiden houden. Alle aandacht nu eerst op het vinden van de anchor. 
Holger, stop sleeping in the front row! Marjolein vanaf nu kan jij in je nieuwe keuken samen 
met Paulien de mooiste taarten bakken. Stuur je een keer wat foto’s door van jullie creaties? 
Ingrid wanneer is de volgende mycoplasma test? Marije met jou is het altijd gezellig kletsen. 
Wat fijn ook om te weten dat je iedereen goed in de gaten houdt. Patricia, zorg ervoor dat 
je die kerels de baas blijft! Fried succes met het begeleiden van alle dames. Anouk, gewoon 
doorgaan! Hoeveel IF samples moet je ondertussen al bekijken? Wendy heel veel succes in 
Nieuwegein. Wat zal het genieten zijn dat alles zo georganiseerd is. Ik denk dat je je daar heel 
goed thuis zult voelen. Marlous, PRMT6 en Rheb ik denk dat dat pas echt een leuk project 
wordt! Zolang ik nog geen baan gevonden heb kom ik gewoon voor jou pipeteren (lees: 
gezellig ouwehoeren). Onying niet uit alle screens komen heel veel hits maar dit project gaat 
zeker werken! Milica how do you survive in the cold room? Anneke twijfels horen erbij, 
gewoon lekker blijven doen wat je leuk vind. Sarah, penso che tu parli già meglio l’Olandese 
che io l’Italiano. Sarah the youngest postdoc in our lab. I love your collection of shoes! 
Nayara, good luck with everything. Marc en  Carin, jullie horen bij het lab en toch ook weer 
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niet. Ik vind het altijd supergezellig om met jullie te kletsen. Carin wat je straks ook gaat doen 
met jouw inzet wordt het zeker een succes. Marc, van vriendje van.. tot echte collega. Vind je 
ook niet dat het weer eens tijd om lekker ouderwets te gaan dansen in Tivoli? 

Dames van het secretariaat, ik heb zo’n respect voor jullie organisatietalent. Als ik het een 
dag van jullie over zou nemen zou het direct in een grote chaos eindigen. Cristina, altijd 
op de hoogte van de belangrijkste zaken in het leven, wat is de lekkerste wijn en  wanneer 
begint de uitverkoop ook alweer? En aan wie moet ik straks m’n nieuwe schoenen laten zien? 
Ontzettend bedankt voor al je hulp bij het op tijd versturen van alle formulieren voor mijn 
promotie. Marianne, Ik denk toch dat het lupus is.. Succes met al je studies, begeleiding van 
neefjes en op je fiets blijven zitten. Andrea, wat fijn dat ik jou tot voorbeeld mocht zijn!! Leve 
de girlpower en heel veel geluk als getrouwde vrouw!

Ik snap nog steeds niet waarom de Timmers groep wel op onze verdieping zit maar toch 
niet helemaal bij ons hoort.. ik vind dat we met z’n allen gewoon één grote groep moeten 
zijn. Giampiero, I always enjoy talking to you. I think London is defenitely the best choice! 
Radhika, the sweetest girl in the lab.You worrie too much. Trust me,  things do not always 
have to be perfect. Petra jou kom ik overal tegen, dus we zien elkaar vast nog eens. Markus 
it is always nice to have someone working on the same protein. Do you already know what 
to do next? Andree en  Rick jullie hebben de Timmers groep flink gepimped. Pim, Hetty, 
Richard, Marijke, Marc en iedereen die ik nu vergeet heel erg bedankt voor alle hulp en 
gezelligheid de afgelopen jaren. Nikolay en Michiel wat is de wereld toch klein. Ik dacht 
altijd dat Nijmegen en Utrecht heel ver bij elkaar vandaan lagen, maar je komt dezelfde 
mensen steeds weer tegen. En natuurlijk alle mensen van het kops lab, bedankt voor alle 
gezelligheid! Marcel bedankt voor het schoonmaken van al ons glaswerk. Kees hoeveel liter 
LB heb jij in je leven al gemaakt? Marjoleine, wordt je nooit gek van al die bestellingen? 
Gelukkig hoor ik je altijd heel hard lachen. Fons, hoe bevalt het leven zonder studenten? 

En dan een bedankje uit de grond van mijn hart aan de mannen waar ik zeker niet zonder 
kon tijdens mijn aio periode. Wim het is klaar! De computer kan nu definitief door het raam 
naar buiten en ik beloof je nooit meer lastig te komen vallen. Ontzettend bedankt voor al je 
hulp de afgelopen jaren. Mijn volgende computer wordt denk ik een mac.. Erik, Roderick, 
Dennis en alle overige computermannen jullie weten niet hoe blij ik de afgelopen tijd was dat 
jullie er waren om alle problemen met mijn computer op te lossen. Dankzij jullie heb ik mijn 
proefschrift niet met de hand hoeven schrijven.  

In de afgelopen jaren heb ik heel wat collega’s zien vertrekken, gelukkig zijn de goede 
herinneringen gebleven. Sander, echt weg ben je natuurlijk niet. Nog één keer over je hoofd 
aaien..lekker hoor! Wanneer gaan we nou eens een hapje eten? Arjan, maak je op je eigen 
lab net zoveel herrie als je bij ons deed? Succes is een keuze, het komt dus wel goed met 
je eigen groep! Niels heb je nog wel tijd om te pipeteren met al die dance-feesten of zit je 
nu liever thuis met Flore op de bank? Heel veel geluk samen. Armando je moet iets harder 
zingen beneden, we kunnen je hierboven net niet horen. Shanon, karen, Nadia when you guys 
were in the lab we had the best dinners, parties and funn stuff, really miss that now. Jun you 
were unbeatable in the lasergame. Mike heb je Jip en Janneke al uit? Joost, Ingrid, Sanne, 
Margarita, Roland en Leo bedankt voor alle hulp en gezelligheid. Jurgen, jij wist het al toen 
we nog de kamer deelden, ik nu ook: wat een coole baan heb je nu! Hopelijk worden we snel 
weer collega’s. Marieke, toen ik kwam ging jij net weg, maar dankzij jouw hoofdstuk heb 
ik wel mijn eerste paper gescored. Pieter, wanneer gaan we nou eens dansen? Marta, Mater 
familias. Besides builing a carreer you also start building a family, how do manage with all 
this travelling??
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Hoe leuk het leven op het lab ook is, het is altijd goed om er ook een sociaal leven zonder 
wetenschappers op na te houden. 
Stella, al meer dan 10 jaar vriendinnen. Is onze rechten studie toch nog ergens goed voor 
geweest. Nog één Harry Potter te gaan en dan moeten we toch echt iets nieuws gaan verzinnen. 
Lucienne, samen de wiskunde cursus overleefd! Dat en onze gezamelijke liefde voor lekker 
eten en koken schept toch een eeuwige vriendschap. Wanneer gaan we Nyala leren koekjes 
bakken? Albert en Angelica , beter een verre vriend dan een goede buur..ofzoiets. Zullen we 
gewoon samen een huis ergens in de zon kopen? Is wel zo makkelijk als er weer eens een 
glaasje teveel gedronken is.
Kim, Sandra en Carlijn wat zijn jullie toch een stel lekkere beppies. We hebben heel wat tijd 
doorgebracht in de D.E koffie-corner waar alles over tafel ging. Ik hoop dat er nog heel wat 
gezellige middagen en avondjes komen. Flesje wijn erbij..altijd gezellig!
Bruno, Alessandro, Carine, Andrea, Valentina, Marco and Aida thanks for making my stay in 
Rome the best experience ever. Ale it’s your turn now to organise a party, as the rest of us is 
allready married. Spero che ci vediamo presto!
Jacco, ik hoor je nog zo zeggen op het terras in Rome dat de Italiaanse vrouwen je helemaal 
niet zien staan. Toch heb je daar Laura gevonden en haar zo gek gekregen om met je mee naar 
Nederland te komen. Alles toch nog goed gekomen!

Natuurlijk wil ik ook de familie bedanken. Ik heb, zeker het laastste maanden, weinig tijd 
voor iedereen gehad maar niemand van jullie heeft daar ooit over geklaagd. Allereerst 
mijn schoonouders (ja nu is het officieel) Arie en Erika, bedankt voor alle interesse in mijn 
opleidingen van banket bakker tot aio de afgelopen jaren. Ellen wat lijken die mannen van 
ons toch op elkaar. Ik denk dat we daar nog heel wat avonden over kunnen praten en lachen. 
Harald van irritant broertje tot gezellige ouwehoer die nog lekker kan koken ook. Wanneer 
komen jullie eens wat dichterbij wonen? Opa, op het promotiefeest mag er weer gedanst 
worden! Ik denk dat Oma nu ook weer met de voetjes van de vloer kan dus dat wordt een 
geslaagde avond. Vanaf nu heb ik weer meer vrije tijd en ik beloof dan ook wat vaker langs 
te komen.
Chris  en Carla, wat zijn de avondjes op de camping al weer lang geleden. Gaan we ooit nog 
eens samen in de caravan de tent afbreken? Anders moeten we snel weer eens een biertje 
doen met z’n allen. 
Pa en Ma, jullie hebben geloof ik nooit begrepen waarom ik niet gewoon banketbakker ben 
geworden. De afgelopen jaren heb ik me dat ook dikwijls afgevraagd, maar nu dit boekje af 
is weet ik dat ik echt de juiste keus heb gemaakt. Ik heb hier trouwens wel bier leren drinken, 
dus ik kan nu eindelijk zeggen dat ik een echte dochter van jullie ben!

En dan nu echt het allerlaatste stukje. Lieve Erwin, verliefd geworden op een banketbakker 
en nu getrouwd met een (bijna) doctor. Ik weet niet of ik zonder jou zo ver zou zijn gekomen. 
Met je heerlijk nuchtere kijk op de wetenschap weet je me altijd weer te herinneren aan de 
echt belangrijke dingen in het leven. Dankjewel voor alle keren dat je voor me hebt gekookt 
als ik weer eens laat was, voor alle lieve woorden en zelfs voor alle pincies die, hoe vervelend 
ze ook zijn, me altijd aan het lachen maken. Vanaf nu is alle tijd voor jou. Ik hou van je.


